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Abstract 
Interfacial engineering is worth considering as one of the most promising technologies in the field 
of solution-processed optoelectronic devices based on organics or perovskites. These optoelectronic 
devices process a variety of advanced merits such as mechanical flexibility and large area 
processability with low cost via solution-processing. Here, interfacial engineering is a key technology 
to maximize device performance, while maintains the processing merits mentioned above. Particularly, 
interfacial engineering controls energy levels and balances charge transport along interfacial layers by 
introducing surface modifiers or charge transport layers. This thesis demonstrates facile and efficient 
interfacial engineering techniques which tune electronic structures of the devices via spontaneously 
aligned interface dipole and selective charge carrier transport by introducing organic surface modifiers 
(OSMs) for photovoltaics and light-emitting diodes applications. Firstly, 4‐chlorobenzoic acid (CBA), 
is incorporated into organic solar cells (OSCs) via a simple spin coating on a high work function 
indium tin oxide (ITO) electrode. By replacing PEDOT:PSS with CBA, higher power conversion 
efficiency (PCE) is achieved, which is attributed to higher visible transparency and improved interface 
compatibility between hole transport layer and organic active layer. Next, ethanolamine (ETA) is 
vapor-coated on ITO substrate in order to reduce the work function of ITO for the inverted structure 
of PSC which exhibit opposite electrode polarity compared to conventional structure. It is confirmed 
that ETA serves as an efficient electron transport layer where metal oxides have been often used. 
Maximized light absorption within the active layer as well as improved electron transport between the 
active layer and ITO cathode lead to the enhanced device performance. Thirdly, I also report an 
interfacial engineering of hole transport layer using various conjugated polyelectrolytes (CPEs) in 
PeSCs. By using CPE as hole transport layer, perovskite film exhibits better morphological uniformity 
and surface coverage, resulting in higher PCE. In addition, pH-neutrality improvs device stability in 
ambient air compared to those of the devices with acidic PEDOT:PSS as hole transport layer. Finally, 
perovskite based light-emitting solar cells (LESCs) is demonstrated. Halide perovskite is one of the 
promising materials for optoelectronic applications due to its long diffusion length, broad absorption 
range (~ 850 nm), high absorption coefficient (> 105 cm-1) and high dielectric constant. Recently, 
perovskite optoelectronic devices have developed dramatically increased performance in both 
perovskite solar cells (PeSCs) and perovskite light-emitting diodes (PeLEDs). As both devices share 
similar device architecture and materials, perovskite can be used to realize single device that can 
efficiently operates in both PeSC and PeLED modes as LESCs. To do so, a polyelectrolyte based on a 
partially protonated PEI backbone with tetraimadazolylborate anions (PEI BIm4) is incorporated as a 
selective electron transport layer in LESCs. Carefully designed interfacial materials and engineering 
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can support to implement high efficiency optoelectronic devices and give opportunities to study the 
device with totally new architecture. 
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CHAPTER 1. Introduction 
1.1 History of organic solar cells 
The discovery of solar cells began in 1839 by Becquerel,1 who discovered photo currents. Adams 
and Smith reported the radiation rates in 1873 and in 1876, respectively. Then, Pochettino and Bolmer 
discovered anthracite as the first organic compound in 1906 and 1913.2 Many researchers recognized 
the promising utilization of organic materials as a photo sensitizer for imaging systems in the 1950s 
and 1960s. With the growing scientific interest in being commercially viable, research on 
photoconductivity and related fields has soared. Many dyes were found to have semiconducting 
properties in the 1960s. After the oil crisis in the 1970s, the industry tried to develop eco-friendly 
energy resources and increased manufacturing and costs as a huge amount of effort went into research 
on photovoltaic cells, and manufacturing facilities have been built in many countries to produce 
photovoltaic modules using silicon-based p-type and n-type bonded solar cells. Later, low-cost 
photovoltaic cells were required for general use and the photovoltaic cells began to use organic 
materials. Tang et al. reported organic solar cells with 0.95% power conversion efficiency using two 
organic substances, copper phthalocyanin (CuPc) and perylene tetracarboxylic derivatives in 1986.3 
One of the biggest developments in technology of organic solar cells was the discovery of C60 
fullerene and its derivatives (e.g. [6,6]-phenyl-C61-butyric acid methyl ester, PCBM) to replace the n-
type acceptor. C60 Derivatives have become standard n-type acceptor molecules of organic solar cells 
with strong electronics and high electron mobility. In the early 1990s, Heeger et al. and Yoshino et al. 
individually demonstrated the transfer of electronic charges between a conjugated polymer and a 
fullerene derivatives.4, 5 They observed a very fast photo-induced electron transmission process of 
about 50–100 fs, which is dominant in all photophysical processes. These findings were very 
significant in establishing the foundation for organic solar cells technology, and researchers first 
demonstrated planar heterojunction organic solar cells in 1993s. The results contributed to the 
development of organic solar cells through a polymer-fullerene composite. Yu et al. have introduced 
bulk heterojunction structure to improve the power conversion efficiency of organic solar cells.6 After, 
Kim et al. have come up with new directions in the field; developing tandem structured organic solar 
cells.7 Lately, power conversion efficiency of organic solar cells have achieved up to 18% by using 
various techniques of device architectures, new small-molecule acceptor and conjugated polymer 
donor materials.  
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1.2 Working principle of organic solar cells 
The solar cells are a device that converts sunlight to produce electricity and typically operated in 
the following steps.7 
 
1) Light absorption 
2) Exciton diffusion 
3) Exciton dissociation and Charge transport 
4) Charge collection 
 
When light is illuminated, the active layer absorbs photons in the device, then the generated 
excitons to diffuse at the donor-acceptor (D-A) interface to be dissociated into free charge. After 
electrons and holes transported to each electrode. 
 
 
Figure 1. 1. Operation of organic solar cells. 
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The efficiency is the result of each steps. These 4-steps determine solar cells performance also 
closely linked to external quantum efficiency (EQE). EQE is defined as the number of photons 
collected by the device as a percentage of the number of charge carriers collected in the electrode 
under short circuit conditions.8  EQE can be defined by the following equation. (1-1), 
 
EQE = 𝜂𝐴 × 𝜂𝐸𝐷 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶                             (1-1) 
 
① Light absorption (ηA) 
The absorption of photons with the thickness of the photo-active layer is determined by the optical 
absorption coefficient, absorption spectral bands, and internal reflections. Most semiconducting 
polymers have band gaps larger than 2 eV and have a light absorption range of 650 nm, but recently 
there have been reported organic materials with a light absorption range of 900 nm. In general, the 
active layer thickness is 100nm to prevent loss of charge transfer, and to maintain a balance between 
sufficient light absorption and efficient transfer of charge, both the wide absorption spectral bands and 
the high absorption coefficient are important. Furthermore, the organic material has a very high 
absorption coefficient compared to silicon, making it possible to thin film devices to absorb enough 
light even in a thin layer. Excitons can be diffused to a D-A interface with Li ≤ LD 
 
②  Exciton diffusion (ηED) 
At the D-A interface, the Efficiency of exciton diffusion is closely related to the exciton diffusion 
length (LD) and distance (Li) between the D-A interface that serves as a photo-exciton dissociation 
center.9 The LD is equal to (Dτ)1/2, where D is diffusion coefficient and τ is exciton lifetime.10 
otherwise, they can be recombine with a reduced ηED. In general, the exciton diffusion length is within 
the range of 4 to 20 nm for conjugated polymers.11-13 
 
③ Exciton dissociation and charge transport (ηCT) 
The efficiency of exciton dissociation into free holes and electrons relies on D-A LUMO energy 
offsets and internal electric field at a D-A heterojunction. From current understanding, the minimum 
energy required to dissociate an exciton in a conjugated polymer is what is needed to overcome the 
exciton binding energy.14 These energies can result from the offset between the LUMO energy levels 
of the donor and the acceptor. 
The ηCT is charge transport efficiency. The holes are transported in a conjugated polymer, while the 
electrons are transported in an inorganic semiconductor. Both the donor and acceptor materials are 
required to form highly efficient percolation networks spanning the entire active layer to provide 
efficient charge transport.15 The polymers need to have a higher degree of planarity for efficient 
4 
 
backbone stacking for a high hole mobility. Through the treatments such as thermal and solvent 
annealing, the polymers should also be able to self-assemble into a more organized structure. 
 
④ Charge collection (ηCC) 
It is the fraction of the charge carriers transported from the active layer to the electrodes. The 
collected charge carriers depend on the energy level and electrodes of the active layer and the 
interface between each layer. 
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1.3 Characterization of organic solar cells 
The efficiency of solar cells are determined by its open circuit voltage (Voc), short-circuit current 
density (Jsc) and fill factor and then, the efficiency can be calculated from the current density voltage 
(J-V) characteristic curves. The power conversion efficiency can be defined by the following equation. 
(1-2), 
 
                         𝜂 =
𝐽sc× 𝑉oc × 𝐹𝐹
Ps
× 100                        (1-2)       
 
Where PS is the incident light power density. A standard test condition for solar cells is Air Mass 
1.5 global (AM 1.5 G) with an incident power density of 100 mW cm-2 at a temperature of 25° C. 
Equivalent circuit of a solar cell is shown as Figure 1.2. A series resistance (RS) originates from 
contact and bulk semiconductor, and a shunt resistance (Rsh) comes from poor diode contact. The J-V 
characteristics can be described as equation. (1.3),16 
 
                 𝐽 = 𝐽s {exp [
q(𝑉−𝐽𝑅sA)
nKT
] − 1} +  
𝑉−𝐽𝑅sA
𝑅shA
− 𝐽ph                (1-3) 
 
Where k is Boltzmann’s constant, T is temperature, q is elementary charge, A is device area, n is 
ideality factor of the diode, Js is reverse saturation current density, Jph is photocurrent, RS is series 
resistance and Rsh is shunt resistance. The J-V curves and photovoltaic parameters including VOC and 
FF strongly depend on the n, Js, RS, and Rsh.  
 
 
Figure 1. 2. The equivalent circuit of solar cells. 
 
An ideal solar cell has n close to 1, 0 of Rs, and infinite Rsh. These conditions reduce equation. (1-3),  
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 𝐽 = 𝐽𝑠 [exp (
𝑞𝑉
𝑘𝑇
) − 1] − 𝐽𝑝ℎ (1-4) 
 
which is a typical diode equation with an additional term, –Jph. Ideal Js exhibits exponential 
dependence on Eg: Js ~ exp(–Eg). Short-circuit current density, JSC (V = 0) is equal to Jph in the ideal 
case and open circuit voltage, VOC is obtained by putting J = 0 to equation (1-4). 
 
 𝑉OC =
𝑘𝑇
𝑞
ln (
𝐽𝑝ℎ
𝐽𝑠
+ 1) (1-5)  
 
Output power density of the device can be calculated by multiplying V to equation (1-4). 
 
 𝑃out = 𝐽𝑉 = 𝐽𝑠𝑉 [exp (
𝑞𝑉
𝑘𝑇
) − 1] − 𝐽𝑝ℎ𝑉 (1-6) 
 
Maximum output power density, Pm is achieved when dPout/dV = 0: 
 
 
𝑑𝑃out
𝑑𝑉
=
𝑑(𝐽𝑉)
𝑑𝑉
=
𝑑𝐽
𝑑𝑉
𝑉 + 𝐽 = 0 (1-7) 
 
Substituting equation (1-4) for J of dJ/dV in equation (1-7) gives the current density at maximum 
power point (mpp), Jm: 
 
 𝐽𝑚 = −𝐽𝑠𝛽𝑉𝑚 exp (𝛽𝑉𝑚) (1-8) 
 
where β is kT/q. The voltage at mpp, Vm can be obtained by substituting equation (1-8) for J in 
equation (1-4): 
 
−𝐽𝑆𝛽𝑉𝑚 exp(𝛽𝑉𝑚) = 𝐽𝑠 [exp (
𝑞𝑉𝑚
𝑘𝑇
) − 1] − 𝐽𝑝ℎ 
 
 𝑉𝑚 =
1
𝛽
ln [
(𝐽𝑝ℎ/𝐽𝑠)+1
1+𝛽𝑉𝑚
] = 𝑉OC −
1
𝛽
ln(1 + 𝛽𝑉𝑚) (1-9) 
 
The power conversion efficiency (PCE) is the ratio of Pm to the incident power density, Pin. 
 
 𝜂 =
|𝑃𝑚|
𝑃𝑖𝑛
=
|𝐼𝑚𝑉𝑚|
𝑃𝑖𝑛
=
𝐽𝑠𝛽𝑉𝑚
2 exp (𝛽𝑉𝑚)
𝑃𝑖𝑛
 (1-10) 
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(-) sign of Pm from Jm was removed in equation (1-10) because the sign indicates the power is 
generated from the device. Positive sign of Pin in denominator means that the power is absorbed by 
the device. For the efficiency calculation, the sign of each power is physically meaningless. 
J-V characteristics of solar cell under illumination is shown in Figure 1.3. 
 
 
Figure 1. 3. J-V characteristics of solar cells under illumination. 
 
Here, a new figure of merit, fill factor, FF is introduced. FF is a geometrical parameter measuring 
the degree of areal occupation of blue square (Vm×Im) in green square (VOC×JSC). It cannot reach to 
100% even in ideal solar cell because of the exponential dependence of J-V characteristics. PCE, then 
can be expressed using VOC, JSC, and FF:  
 
 𝜂 =
|𝑃𝑚|
𝑃𝑖𝑛
=
|𝑉𝑚𝐼𝑚|
𝑃𝑖𝑛
=
𝑉OC𝐽SC𝐹𝐹
𝑃𝑖𝑛
 (1-11) 
 
equation (1-10) addresses the consideration on theoretical maximum efficiency of solar cell. VOC 
decreases with smaller Eg because of increased Js, but JSC increases. Because of this trade-off, it is 
reported that theoretical maximum efficiency of 30.6% can be achieved at 1.32 eV of Eg. The values 
can exhibit some discrepancy depending on the studies. The theoretical efficiency limit is called 
Schokley-Queisser limit. 
In nonideal solar cell, FF is hugely affected by two parasitic resistances, Rs and Rsh: 
 
 𝐹𝐹(𝑅𝑠, 𝑅𝑠ℎ) = 𝐹𝐹(0, ∞) [(1 −
𝐽SC𝑅𝑠
𝑉OC
) − (
𝑉OC
𝐽SC𝑅𝑠ℎ
)] (1-12) 
 
Another useful method for measuring solar cells is the incident photon-to-current conversion 
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efficiency (IPCE), which is also called EQE, for monochromatic radiation. The IPCE value is the ratio 
of the observed photocurrent divided by the incident photon flux, uncorrected for reflective losses 
during optical excitation through the conducting glass electrode. The IPCE value determinates the 
percentage of incident photons converted to electrons that are predominantly coincident with the 
absorption spectrum of the solar cells. The IPCE can be defined by the following equation (1-13). 
 
IPCE =
number of electrons through the external circuit
number of photons incident
 
(1-13) 
=
[1240 (eV nm)][photocurrent density(μA cm−2) 
[wavelength (nm)][irradiation(mW cm−2)]
 
 
The intensity of the sun's spectra changes further as they pathways through the Earth's atmosphere. 
A measure has been prepared to show how the solar radiation affects the mass and strength of the 
solar radiation. The sun on the Earth’s surface at an incident angle 48.2° (AM 1.5 spectrum), as 
shown in Figure 1.4.17  
 
 
Figure 1. 4. Schematic explanation of the AM 1.5 spectrum. 
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1.4 Crystal Structure of perovskite material  
 
 
Figure 1. 5. Schematic of ABX3 perovskite structure. 
 
The general formula crystal structure in metal halide based perovskite is ABX3 (Figure 1.5), where 
A-site shows organic and inorganic cations, B-site shows a divalent metal cation, X-site shows halide 
anions such as Cl-, Br- and I-. Recently, most reported metal halide based perovskite solar cell consist 
of methylammonium lead triiodide (MAPbI3) or formamidinium lead triiodide (FAPbI3).  
 
A- site = an organic cations (CH3NH3+, HC(NH)2+) or inorganic cations (Cs+, Rb+) 
B- site = divalent metal cation (Cu2+, Fe2+, Cd2+, Mn2+, Ge2+, Sn2+, Pb2+) 
X- site = halide anions (Cl-, Br-, I-) 
 
Since the discovery of Perovskite structures in 1839s, this material has been extensively 
investigated and Goldschmidt’s tolerance factor (t) explained by Victor M. Goldschmidt in 1962s.23 
This tolerance factor is used to indicate the stability of the perovskite structure and is calculated using 
the ion radius of the atoms. The tolerance factor can be defined by the following equation. (1-14)  
 
𝑡 =
(r𝐴+r𝑥)
√2(r𝐵+r𝑥)
                                 (1-14) 
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The tolerance factor, rA is the ionic radius of the A cations, rB is the ionic radius of the B cations and 
rx is the ionic radius of the X anion. The tolerance factor estimates if the A cation can fit inside the 
vacancies of the BX3 framework. Where a tolerance factor of t = 1, represents a fit resulting in the 
formation of a perfect cubic structure perovskite. In general, If the range of 0.89 ≥ t ≤ 1.00, it can be 
expected a cubic structure perovskite. In case, for metal halide perovskites are generally formed with 
the rage of 0.81 ≥ t ≤ 1.11, and then if the range of t > 1.1 or t < 0.8, the perovskite structure cannot be 
formed. 
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1.5 History of perovskite solar cells 
The name Perovskite originally started in 1839 with mineral calcium Titanium (CaTiO3) and now 
collectively defined Perovskite with the materials of same structure as CaTiO3 (ABX3, Figure 1.5) 
The perovskite material can change the composition of matter to create a variety of properties. For 
example, it is very interesting material that shows conductivity, piezoelectricity, electric resistance 
change, and phase separation of material structure, as well as conductor, semi-conductor, and 
superconductivity. Therefore, the material is being studied in various fields. 
In the field of solar cells, in 2009s, Kojima et al. reported 3.8 % power conversion efficiency that 
metal halide based perovskites were able to function as sensitizer in a dye sensitized solar cells 
(DSSCs).18 In these metal halide based perovskites, A-site is organic or inorganic, B-site is metal, and 
X-site is halide anions. Since initial discovery, the research into meatal halide based perovskite for 
optoelectronic applications has dramatically increased. In particular, the study soared after two 
different study groups reported more than 10 % efficiency for solid-state solar cells in 2012s.19, 20 This 
is evidenced by the number of publications about Perovskite solar cells next year. (Figure 1.6)  
 
 
Figure 1. 6. Annual number of published perovskite solar cells. 
 
This increased effort in research has improved understanding and efficiency of these perovskite 
solar cells devices. The perovskite solar cells have risen very rapidly since its first discovery in 2009, 
becoming an efficient solar cell that approaches silicon, in just a few years. Currently, according to the 
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solar cells efficiency chart provided by NREL, Perovskite solar cells show up to efficiency of 22.7 %. 
(Figure 1.7) Another advantage of perovskite solar cells, they can be based on organic solar cells, 
applying thin film solution processing technology. The fact that silicon solar cells can combine high 
efficiency with the processing power of thin-film organic solar cells to make future high efficiency 
solar panels a low-cost production makes this particularly attractive. 
 
 
Figure 1. 7. Best research solar cell efficiencies. 
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1.6 Optical Band gap tuning of perovskite  
The perovskite, commonly used MAPbI3 in solar cells, has estimated band gap (Eg) range of 1.5 ~ 
1.6 eV. In this case, the maximum absorption wavelength is 800 nm, but the perovskite can control to 
have longer or shorter absorption wavelength via band gap tuning without the adjusting absorption 
coefficient. Accessing the A-site MA ion as a substitute for FA ion enables band gap tuning without 
affecting the valence band maximum (VBM). By using FA ion, the absorption wavelength is extended 
up to 840nm, which is a reduction in band gap of approximately 0.07eV. Another approach to control 
the bad gap is adjustment in B-site. Modification of metal cations have a significant effect on both the 
conduction band maximum (CBM) and VBM. Replacing Pb2+ with Sn2+ ions, changes the values of 
CBM and VBM, and then orderly tuning of the bad gap in mixed Pb2+ and Sn2+ ions perovskites from 
1.58 eV to 1.24 eV.21  
 
 
Figure 1. 8. UV-vis absorption spectra and a quadratic relationship of the band gap of MAPb(I1-xBrx)3 as a 
function of Br composition (x). 
 
Finally, band gap tuning of perovskite has been achieved via X- site halide substitution. Especially, 
replacement of I- and Br- ions, which results from a strong reliance of electronic energies on the 
effective exciton mass. A systematic shift of the shorter absorption wavelength with increasing Br- ion 
ratio in X-site. This result indicates that the band gap can be tuned by the composition of the mixture. 
Park et al. reported a quadratic relationship of the band gap of MAPb(I1-xBrx)3 perovskite as a function 
of Br composition (x) (Figure 1.8)22 that can be expressed by following equation. (1-15) 
 
  𝐸𝑔[𝑀𝐴𝑃𝑏(𝐼1−𝑥𝐵𝑟𝑥)3] = 𝐸𝑔[𝐼] + (𝐸𝑔[𝐵𝑟] − 𝐸𝑔[𝐼] − 𝑏)𝑥 + 𝑏𝑥
2             (1-15) 
 
Where I is MAPbI3, Br is MAPbBr3, and b is the bowing parameter. The method of least squares fit 
(redline) of band gap in Figure 1.8 changes the equation (1-15) to equation (1-16) which yields the 
bowing parameter of b = 0.33 eV. 
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𝐸𝑔(𝑥) = 1.57 + 0.39𝑥 + 0.33𝑥
2                     (1-16) 
 
The stretch of bowing is a measure of the range of variation in the crystal field or the nonlinear 
effect arising from anisotropic nature of binding.23 The result from equation that the small bowing 
parameter 0.33 eV in MAPb(I1-xBrx)3 compared with other perovskite mixture suggests that MAPbI3 
and MAPbBr3 have a quite well miscibility.24  
Consequently, MAPb(I1-xBrx)3 comprises the entire composition of the compound and these 
perovskites provide convenient band gap tuning by a simple mixture process. Figure 1.9 shows a 
schematic energy level diagram of the possible combinations of perovskite materials.25 
 
 
Figure 1. 9. Schematic energy level diagram of the possible combination perovskite. 
 
  
15 
 
CHAPTER 2. Interfacial Engineering 
2.1 Metal-organic interface   
 
 
Figure 2. 1. Schematic vacuum level alignment at the metal-organic interface. 
 
The work function of metal (ΦM) in the intimate contact with organic materials. If the energy level 
of HOMO deeper than ΦM, the Holes will transport across the interface to the organic HOMO level   
due to minimizing the energy until the Fermi level (EF) is aligned, effectively pinning the HOMO 
level of the organic material to (ΦM). Likewise, if higher energy level of LUMO than ΦM, the 
electrons will transport to the LUMO level of organic material. In short, this phenomenon is defined 
Pinning of Fermi level and is effectively shown as a dipole shift of the vacuum level. If energy barrier 
for electrons or holes (Φh or Φe) have similar values between the HOMO and LUMO levels of organic 
materials. In case, the ΦM is not pinning. However, several researchers have demonstrated that the 
Fermi level does not pin to the between bulk HOMO and LUMO levels, because the interfaces of 
organic materials can have different properties, only to band of interfacial states respectively. The 
Fermi level pinning has been demonstrated by interfacial dipole via ultraviolet photoelectron 
spectroscopy (UPS) measurements. In the meantime, the researchers reported on the mechanism of 
interfacial dipole formation, but the exact underlying mechanisms are a subject still under debate. 
Recently, Fahlman et al. demonstrated the mechanism of interfacial dipole formation that one of the 
promising model is the integer charge transfer (ICT) model.26 
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2.2 The integer charge transfer model  
The integer charge transfer (ICT) model assumes that an integer amount of charge is transferred, 
as opposed to partial charge transfer. The ICT model is generally used to describe interaction organic 
and substrate interface that are passivated by hydrocarbons or oxides. The presence of hydrocarbons 
or oxides disrupts the formation of interfacial dipoles via partial electron transfer, thereby, the work 
function of substrates effectively shifted via the push-back effect. It is also preventing hybridization of 
electronic state by decouples the π-electron from substrate bands. The ICT model via a tunneling 
mechanism that means the transfer of an integer amount of charges. The energy of a positive integer 
charge transfer (EICT+) is defined as energy required to remove a single electron from a molecule 
producing a fully relaxed state and the energy of a negative integer charge transfer (EICT-) is defined as 
the energy gained when a single electron is added to the molecule producing a fully relaxed state. The 
different way for energy level alignment in between metal and organic interface contact. The ICT 
model can be described by the following three type formulas. (Figure 2.2)  
 
 
Figure 2. 2. Schematic of the evolution of the energy-level alignment at metal-organic interface in ICT model. 
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Firstly, if ΦSUB higher than EICT+ electrons will transport from the organic material into the 
substrate lead to vacuum level shift (Δ), this transport will continue until EICT+ + Δ = ΦSUB, hence the 
Fermi level will be pinned to the EICT+ level by follow formula. (2-1) 
 
𝛷𝑆𝑈𝐵 > 𝐸𝐼𝐶𝑇+                                 (2-1) 
Fermi level pinning to a positive ICT state, substrate-independent resulting work function ΦORG/SUB 
 
Secondly, if ΦSUB located exactly between EICT+ and EICT- electrons cannot transport across the 
interface. Hence, since no spontaneous charge transfer across the organic and substrate interface 
occurs in reaching equilibrium, there is no vacuum level offset, that means vacuum level alignment 
keeps for this type of interface by follow formula. (2-2) 
 
𝐸𝐼𝐶𝑇− < 𝛷𝑆𝑈𝐵 < 𝐸𝐼𝐶𝑇+                          (2-2) 
Vacuum level alignment, substrate-dependent resulting work function ΦORG/SUB, slope = 1 
 
Finally, if ΦSUB deeper than EICT- the opposite will occur, that is electrons will transport from the 
substrate into the organic material until EICT- - Δ = ΦSUB thereby pinning the Fermi level to the EICT- 
state by follow formula (2-3) 
 
𝛷𝑆𝑈𝐵 < 𝐸𝐼𝐶𝑇−                                 (2-3) 
Fermi level pinning to a negative ICT state, substrate-independent resulting work function ΦORG/SUB 
 
Consequently, according to the following ICT model, so that have Ohmic contact injection the 
work function of substrate should be designed to be larger than the EICT+ state for hole injection and 
smaller than the EICT- state for electron injection. However, The ICT states include not only both 
electronic and geometrical relaxations, but substrate, hence molecules in the bulk are located in a 
potentially different environment than molecules close the interface.  
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2.3 Metal-organic interface with interfacial dipole   
For an intrinsic semiconductor, the work function is defined by metal within a semiconductor close 
to the interface. (Figure 2.3) as electron in the metal occupy state up metal Fermi edge, the distance 
between ΦM and the HOMO (or valence band) transport level describes the energy barrier for holes 
(Φh) (or electrons, Φe) under the estimate of vacuum level alignment by Schottky-Mott theory. This 
energy barrier can be changed by interfacial dipole, which can be made deliberately such as organic 
surface modifiers. The field between the two dipole charges is mostly located between them and 
obvious in the potential by and offset in the vacuum level (Evac) and a following shift of energy level. 
Such dipoles are introduced intendedly by self-assemble monolayer. If the work function of metal is 
higher or lower than EA of the semiconductor by interfacial dipole direction, resulting of shift vacuum 
energy level, as shown in Figure 2.327 the charge direction at the interface constitutes the dipole 
leading to alignment.   
 
 
Figure 2. 3. Schematic vacuum level alignment with interfacial dipole at the metal-organic interface. 
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2.4 Working principle of charge selective interfacial layer   
OSCs are often fabricate the basis of two types of device architecture. In the conventional types 
approach, the bulk heterojunction (BHJ) active layer is sandwiched between an ITO anode and low 
work function metal cathode, such as Al. The low work function metal electrode is easily oxidation in 
ambient air, the inverted types can be implemented to increase stability in which metal oxide 
interfacial layer such as titanium oxide or zinc oxide is inserted between the ITO and BHJ active layer. 
The top metal anode is used a more air stable, high work function metal electrode such as Au. In both 
types of architectures, the nature of electrical contact between the BHJ active layer and the electrodes 
is a critical factor that determines device characteristics. The series resistance (Rs) in a solar cell is 
attributed to the bulk conductivity of each of the interfacial layers and the contact resistance between 
them. Therefore, with high charge carrier materials and ohmic contact at the interfaces are required to 
obtain high Jsc. Also, Voc can be increased by Fermi level alignment of both electrodes to HOMO of 
the donor and LUMO of the acceptor, respectively. Another parameter, the shunt resistance (Rsh), is 
determined by the active layer films quality and interface. Low Rsh result from the loss of charge 
carriers through leakage paths including voids in the films, the recombination and trapping of the 
carriers during their transport through the layer leading to a decrease in device efficiency. 
While the BHJ active layer is an important component of high performance OSCs, the basic BHJ 
device that the electrodes are in direct contact both electron and hole abundant domains in the BHJ 
active layer. Therefore, it is possible to charges collected in the electrodes to recombination with 
oppositely charged carriers found in the interface. as shown in Figure 2.4 
 
 
Figure 2. 4. Schematic energy band diagram of BHJ. 
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If charge selective interfacial layer (such as electron transport layer, ETL or hole transport layer, 
HTL) is inserted between the metal electrode (or ITO electrode) and BHJ active layer are spatially 
separated, the recombination can be effectively reduced. In short, the interfacial layer provides an 
intermediate energy barrier to prevent carriers from diffusing in the wrong direction. In addition, 
interfacial layer prevents inadvertent a variety of physical or chemical interactions between adjacent 
layers and act as optical spacers.    
 
 
Figure 2. 5. Schematic energy band diagram of HTL and ETL. 
 
Additionally, it is possible to increase the Voc in the device using the ETL. If the LUMO of the ETL 
is aligned with the LUMO of the acceptor, and the ETL has a work function which is equal to or 
higher than LUMO of the acceptor, and then Voc becomes aligned by the LUMO of the acceptor. 
Likewise, high LUMO energy of the HTL can prevent electron from diffusing reverse collected to the 
anode, and HOMO of HTL is aligned HOMO of donor can increase the Voc by effectively deepening 
the work function of the anode. Thus, interfacial layer constitutes indispensable layer in OSCs.28 as 
shown in Figure 2.5  
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CHAPTER 3. An Organic Surface Modifier to Produce a High Work 
Function Transparent Electrode for High Performance 
Polymer Solar Cells 
3.1 Research background 
The development of new conjugated polymers and device architectures have contributed to a 
dramatic improvement in device performance of polymer solar cells (PSCs), achieving power 
conversion efficiencies (PCEs) over 11%.29-41 Until recently, efforts have focused on developing new 
charge transport layers to facilitate electron/hole transport from the active layer to cathode/anode. For 
conventional PSCs, poly(3,4-ethylenedioxythiophene):poly-styrene sulfonate (PEDOT:PSS) is widely 
used as hole transport layer (HTL) because of its solution-processability, excellent wettability to both 
indium tin oxide (ITO) surface and active layer solution, appropriate work function for producing an 
Ohmic contact between the active layer and ITO anode.42-44 However, the acidic nature of 
PEDOT:PSS is detrimental to device stability due to chemical instability at the ITO/active layer 
interface by indium diffusion into the active layer.45, 46 In addition, PEDOT:PSS layer has a weak 
absorption in the visible and near IR wavelength regions, reducing light absorption within the active 
layer.43, 47, 48 To overcome these drawback, p-type metal oxides including vanadium oxide, 
molybdenum oxide, and ruthenium oxide have been developed as efficient HTL instead of 
PEDOT:PSS.43, 44, 47-49 Although these metal oxides have high hole mobility and relatively high 
transparency in the visible spectral range, thermal annealing at 150 °C and UV-ozone treatment are 
required to complete the transformation into metal oxides. As an alternative, organic surface modifiers 
such as conjugated polyelectrolytes (CPEs) and self-assembled monolayers (SAMs) have been 
explored.42, 50, 51  These enable device fabrication on flexible substrates using only low-temperature 
solution processing. 
Small-molecule organic surface modifiers with functional groups that can form SAMs on the 
surface of metal oxides via chemical absorption have been utilized to modify the surface properties of 
metal oxides and alter the work function of the electrodes.52-57 Beaumont et al. introduced various 
organic materials with electron withdrawing halogens (F, Cl, and Br) and carboxylic acid (or 
phosphonic acid) groups at the interface between electron donor and ITO anode in chloroaluminium 
phthalocyanine/C60 heterojunction solar, thereby controlling the work function and surface energy of 
ITO electrode.56 Recently, Knesting and Wang et al. reduced contact resistance between inorganic 
metal oxide and organic active layer by incorporating a fluorinated SAM on the ITO surface instead 
of PEDOT:PSS, thereby improving the open-circuit voltage (VOC) of bulk heterojunction (BHJ) 
22 
 
PSCs.50, 51 Compared to polymer-type HTLs such as PEDOT:PSS and CPEs, the devices with small-
molecule organic surface modifier may be cost-effective and air-stable. Unnecessary synthetic routes 
and purification processes are avoided, and they have neutral pH. However, they require immersing in 
solution for long times (> 20 hours) to form the SAM on the substrate. In addition, there have been no 
reports on high performance PSCs using only small-molecule organic surface modifier instead of 
polymer- and metal oxide-type HTLs.  
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3.2 Experimental details 
Device fabrication 
ITO substrates were sequentially cleaned with detergent, DI water, acetone, and 2-propanol via 
sonication for 10 min each. For PEDOT:PSS layer, PEDOT:PSS solution (CleviosTM P VP AI 4083, 
Heraeus) was spin-coated at 5000 rpm on cleaned ITO substrates after UV-ozone treatment for 10 min 
and dried at 140 °C for 10 min. For thin layer of 4-chlorobenzoic acid (CBA, Sigma-Aldrich Corp.), 
CBA solution dissolved in methanol with concentration of 1 mg/ml was spin-coated at 3000 rpm on 
UV-ozone treated ITO substrates. After transferring samples into nitrogen-filled glove box, blend 
solution consisting of PTB7 (10 mg/ml) and PC71BM (15 mg/ml) dissolved in mixed solvent of 
chlorobenzene (CB) and 1,8-diiodooctane (DIO) (97:3 vol%) was spin-cast at 1200 rpm on top of 
PEDOT:PSS and CBA layer. Subsequently, Al electrode with a thickness of 100 nm was deposited on 
the active layer under vacuum (5x10-6 Torr) via thermal evaporation 
 
Device characterization 
The J-V characteristics of the solar cells were measured by a Keithley 2400 Source Measure Unit. 
The solar cell performance was tested with an Air Mass 1.5 Global (AM 1.5 G) solar simulator with 
an irradiation intensity of 100 mW cm-2. In order to test the solar cells under various light intensities, 
the intensity of the light was modulated with a series of two neutral density filters wheels of six filters 
apiece, allowing for up to 10 steps in intensity from 100 to 1 mW cm-2. EQE measurements were 
obtained using the PV measurement OE system by applying monochromatic light from a xenon lamp 
under ambient conditions. The monochromatic light intensity was calibrated using a Si photodiode 
and chopped at 100 Hz. Masks (3.43 mm2) made of thin black plastic were attached to each cell 
before measurement of the J-V characteristics and the EQE to accurately measure the performance of 
solar cells. All devices were tested in ambient air after UV-epoxy encapsulation. 
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3.3 Results and discussion 
In this work, we report efficient PSCs with PCE = 8.48% by incorporating chlorobenzoic acid 
(CBA) as the small-molecule organic surface modifier applied by simple spin-coating to produce a 
high work function ITO electrode (Figure 3.1). The CBA modification increases the work function of 
metal oxides and makes their surface hydrophobic.56 Devices modified with CBA via spin-coating 
achieved higher PCE than control devices with PEDOT:PSS. This improvement is attributed to 
increased light absorption within the active layer because of higher transparency in visible wavelength 
region, efficient hole extraction from the active layer to anode by cascade energy level alignment, and 
reduced contact resistance at the ITO/active layer interface.  
 
 
Figure 3. 1. (a) Device structure and (b) energy-band diagram of the devices incorporating CBA layer between 
ITO and the active layer. 
 
To control the work function and modify surface property of ITO electrode, we introduced CBA at 
the interface between ITO and the active layer. CBA modification of the ITO electrode exhibited an 
increased work function and made the ITO surface more hydrophobic, The former was confirmed by 
ultraviolet photoelectron spectroscopy (UPS), and the latter was confirmed by contact angle 
measurement as shown in Figure 3.2 and Figure 3.3, respectively. The hydrophilic carboxylic acid 
moiety of CBA tends to be located toward ITO surface, while the chlorine group with electron 
withdrawing property is located toward the active layer, leading to interfacial dipoles pointing toward 
the active layer (Figure 3.1b). As a result, ITO modifications with CBA increased the work function 
of ITO from 4.77 eV to 5.02 eV; i.e. to a value comparable to that of PEDOT:PSS (5.16 eV). The 
formation of an Ohmic contact improved hole transport from the active layer to anode (Figure 3.1b 
and Figure 3.2).  
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Figure 3. 2. Ultraviolet photoelectron spectra of bare ITO, PEDOT:PSS, and CBA spin-coated on top of ITO 
substrates. Calculated work functions were 4.77 eV, 5.16 eV, and 5.02 eV for bare ITO, PEDOT:PSS, and CBA, 
respectively. 
 
In contact angle measurements, bare ITO and PEDOT:PSS-modified ITO had contact angles of 
11.5° and 19.2°, respectively, whereas CBA-modified ITO exhibited contact angle of 67.7° (Figure 
3.3a-c). These data imply that hydrophobic surface induced by CBA modification is more compatible 
with hydrophobic active layer solution than hydrophilic UV-ozone-treated ITO and PEDOT:PSS. We 
also compared surface morphology of ITO electrodes modified with PEDOT:PSS and CBA by 
measuring tapping mode atomic force microscopy (AFM). Compared to bare ITO (root-mean-square 
(rms) roughness: 0.63 nm), PEDOT:PSS led to uneven surface with rms roughness of 0.97 nm, 
whereas CBA modification exhibited unchanged surface morphology with rms roughness of 0.51 nm 
(Figure 3.3d-f). Negligible morphology differences were observed between bare ITO and CBA-
modified ITO, implying that ultrathin CBA layer (< 5 nm) was uniformly formed on ITO surface. This 
was confirmed by X-ray photoelectron spectroscopy (XPS) (Figure 3.4). 
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Figure 3. 3. Contact angle (upper row) and 3D AFM topography images (lower row) of bare ITO (a, d) 
PEDOT:PSS (b, e), and CBA (c, f) spin-coated on top of ITO substrates. The AFM imaging size is 3 μm x 3 μm 
 
 
 
Figure 3. 4. X-ray photoelectron spectroscopy (XPS) spectra of bare ITO and CBA-modified ITO substrates. 
The inset shows Cl 2p1/2 peak, which is attributed to chlorine moiety of CBA. 
 
We also compared the transmittance of ITO with PEDOT:PSS and CBA modification. In 
comparison with PEDOT:PSS spin-coated on ITO substrate, CBA-modified ITO exhibited lower 
transmittance in UV region (350-500 nm) and higher transmittance in visible region (500-700 nm) 
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(Figure 3.5a). The transmittance spectra of ITO and PEDOT:PSS were consistent with previously 
reported results.47, 48 Replacing PEDOT:PSS with CBA can enhance device performance by improving 
light absorption within the active layer because visible light (44%) comprises a higher fraction of the 
solar radiation spectrum than UV light (7%).58 To verify the CBA effect on light absorption, we 
measured absorption spectra of the active layer spin-coated on ITO substrates modified with 
PEDOT:PSS and CBA using the following BHJ system: poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno-[3,4-b]thiophenediyl]] 
(PTB7) as the electron donor and [6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) as the electron 
acceptor within the active layer. As expected from the transmittance results, the BHJ film on 
PEDOT:PSS had higher absorption in the range of 400-530 nm, whereas the BHJ film on CBA 
exhibited increased light absorption in the range of 550-750 nm (Figure 3.5b). Interestingly, we 
observed a pronounced shoulder at 670 nm in the film on CBA, which may be attributed to optical 
interference and/or enhanced intermolecular orientation of polymer chains on hydrophobic CBA 
surface. The AFM topography images of BHJ films on different substrates indirectly supported this 
hypothesis (Figure 3.6). Although all BHJ films had the same thickness of 130 ± 10 nm, the film on 
CBA was uniform with rms roughness of 1.2nm. Specifically, enhanced light absorption within the 
active layer resulted from higher transparency in the visible wavelength region as well as improved 
film morphology by hydrophobic CBA layer.  
 
 
Figure 3. 5 (a) Comparison of transmittance between PEDOT:PSS and CBA on ITO substrate. (b) UV-vis 
absorption spectra of PTB7:PC71BM active layer on top of different substrates. 
 
To verify the merits of CBA in real devices, we fabricated PSCs using the simple device 
configuration of ITO/PEDOT:PSS or CBA/PTB7:PC71BM/Al (Figure 3.1a). We also prepared a 
control device without any ITO modification for comparison. Figure 3.7a shows current density-
voltage (J-V) curves of the devices with PEDOT:PSS and CBA. More than 40 devices were fabricated 
under each condition for device optimization. Predictably, the control device showed poor device 
28 
 
performance due to the absence of any HTL. The device with PEDOT:PSS had a PCE = 7.53% with 
short-circuit current density (JSC) of 15.28 mA cm-2, open-circuit voltage (VOC) of 0.74 V, and fill 
factor (FF) of 0.67, which are comparable values with those of PTB7:PC71BM PSCs reported 
previously in the literature.42, 59, 60 The device with CBA modification demonstrated a higher PCE = 
8.48% than that of the device with PEDOT:PSS in spite of absence of a charge transport layer. VOC 
and FF of the device with CBA (VOC: 0.74 V and FF: 0.70) were similar to the device with 
PEDOT:PSS, whereas there was an improvement in JSC (16.47 mA cm-2). The detailed device 
parameters are summarized in Table 3.1.  
 
Table 3. 1. Device parameters of PTB7:PC71BM PSCs with different ITO modification. 
ITO 
modification 
JSC 
[mA cm-2] 
VOC 
[V] 
FF 
Best PCE 
[%] 
Average PCE 
[%] 
JSC (cal.)a) 
[mA cm-2] 
None 14.96 0.62 0.61 5.67 5.33 14.88 
PEDOT:PSS 15.28 0.74 0.67 7.53 7.31 15.63 
CBA 16.47 0.74 0.70 8.48 8.19 16.53 
a) JSC (Cal.): JSC calculated from EQE curves. 
 
 
 
Figure 3. 6. AFM topography (a-c) and phase images (d-f) of PTB7:PC71BM blend films spincoated 
on top of bare ITO (a,d), PEDOT:PSS (b,e), and CBA (c,f). 
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To understand the enhancement of JSC by replacing PEDOT:PSS with CBA, we measured the 
external quantum efficiency (EQE). The device with CBA showed higher EQE in the range of 550-
750 nm and lower EQE in the range of 480-550 nm compared to the device with PEDOT:PSS (Figure 
3.7b). These EQE curves are in good agreement with the transmittance data obtained from 
PEDOT:PSS- and CBA-modified ITO substrates (Figure 3.5a) and UV-vis absorption spectra of 
PTB7:PC71BM films spin-coated on them (Figure 3.5b). The high transparency in the visible region 
yielded EQE values approaching 80% in the spectral range from 610 nm to 680 nm, thereby giving 
rise to higher JSC.  
 
 
Figure 3. 7. (a) Current density-voltage (J-V) curves and (b) external quantum efficiency (EQE) of the devices 
with different ITO modification.  
 
We also compared the stability of the devices with PEDOT:PSS and CBA in air atmosphere 
(Figure 3.8). The control device exhibited longer device stability than the device with PEDOT:PSS. 
The efficiency of the device with PEDOT:PSS rapidly decreased because the acidic nature of 
PEDOT:PSS solution (pH value: 1.5-2.5 at room temperature) promotes corrosion within the device. 
In contrast, the device with CBA modification exhibited slower decrease in PCE and longer time air 
stability, consistent with the near-neutral pH of the CBA solution (pH value: 4-5).  
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Figure 3. 8. Device stability of conventional-type PTB7:PC71BM PSCs with different ITO modification stored 
in air atmosphere condition without any encapsulation. 
 
To elucidate the CBA effect on device performance, we investigated charge transport and 
recombination dynamics of the devices with PEDOT:PSS and CBA by measuring electrical 
impedance spectroscopy (EIS), dark J-V characteristics, dependence of VOC on light intensity (VOC vs 
light intensity), hole mobility obtained from hole-only device based on space-charge-limited current 
(SCLC) method. We measured EIS of the devices at VOC condition under AM 1.5G irradiation (100 
mW cm-2). The EIS curve in the low frequency region depends on charge transport at the interface 
between active layer and electrode.61 The devices with CBA exhibited slightly lower charge transfer 
resistance than the device with PEDOT:PSS, indicating that CBA effectively facilitates hole transport 
from the active layer to ITO anode (Figure 3.9a). Dark J-V characteristics is also consistent with EIS 
results. The device with CBA showed low leakage current (approximately 10-3 mA cm-2) and high 
rectification ratio (> 105), similar to those of the device with PEDOT:PSS (Figure 3.9b).  
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Figure 3. 9. a) Electrical impedance spectra, b) dark J–V curves, and c) VOC dependence on light intensity of 
PTB7:PC 71 BM PSCs with PEDOT:PSS and CBA modification. 
 
It is well-known that VOC vs light intensity measurements provide information about trap-assisted 
recombination of the devices.62-64 Semi-logarithmic plot between VOC and incident light intensity 
exhibits linear relationship with a slope of kT/q, where k is Boltzmann's constant, T is Kelvin 
temperature, and q is elementary charge. The device with PEDOT:PSS and CBA exhibited VOC 
dependence on light intensity with a slope of 1.12 kT/q and 1.09 kT/q, respectively (Figure 3.9d). 
This VOC vs light intensity measurement clearly shows that the device with CBA has minimized 
recombination at the interface between the active layer and ITO anode (at least comparable to the 
device with PEDOT:PSS). These various measurements confirm that CBA is an efficient organic 
surface modifier that can replace PEDOT:PSS by minimizing charge recombination and facilitating 
hole transport at the interface between the active layer and anode.  
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3.4 Conclusion 
In conclusion, the small-molecule organic surface modifier CBA has been used to successfully 
produce ITO electrode with high work function and a hydrophobic surface. The device with CBA 
modification demonstrated PCE enhancement with measured values up to 8.48%. The increased PCE 
results from enhanced light absorption within the active layer by high transparency in visible range 
and the formation of an Ohmic contact for hole transport from the active layer to ITO anode by 
cascade energy level alignment. Furthermore, recombination loss is minimized. As an alternative to 
polymer- and metal oxides-type HTL, CBA is a promising organic surface modifier for flexible 
substrates and roll-to-roll mass-production because of its low cost and solution processability. In 
addition, CBA can be used as an intermediate layer for tandem solar cells because of its high 
transparency and excellent hole selectivity.  
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CHAPTER 4. Vapor Coating Method Using Small-Molecule Organic 
Surface Modifiers to Replace N-Type Metal Oxide Layer 
in Inverted Polymer Solar Cells 
4.1 Research background 
Polymer-fullerene bulk heterojunction (BHJ) polymer solar cells (PSCs) have been regarded as 
next-generation solar cells because of their advantages such as low-cost, light-weight, and flexible 
device fabrications.65-68 Substantial efforts synthesizing new semiconducting polymers and metal 
nanoparticles, developing device architectures, and controlling the active layer morphology have 
improved power conversion efficiency (PCE) of conventional PSCs (cPSCs) up to 9%.30, 34, 60, 69-71 In 
spite of dramatic improvement in device efficiency, there remained a major concern about device 
stability of cPSCs for commercialization.72 Poor stability of cPSCs originates from acidic nature of 
poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) and easily-oxidized low 
work function metal cathodes (e.g. calcium, aluminum).45, 73 As an alternative solution, inverted PSCs 
(iPSCs) have been developed, where high work function metals (e.g. gold, silver) and metal oxides (e. 
g. titanium dioxide, zinc oxide, molybdenum oxide) were used as anode and electron/hole transport 
layer, respectively.37, 68, 74-76 Metal oxides have been widely used for iPSCs because of high charge-
carrier mobility and transparency in visible wavelength region.77, 78 However, main drawbacks of 
metal oxides including inherent incompatibility between inorganic metal oxides and organic active 
layer, high temperature thermal treatment for calcinations, light absorption in UV region, and light 
interference effect, can limit the enhancement in device performance.45, 54, 57, 79 To overcome these 
problems of metal oxides, polymer surface modifiers, such as polyethylenimine ethoxylated (PEIE) 
and poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN), 
have been employed to produce low function cathode without metal oxides layer in iPSCs.68, 80, 81 In 
particular, PEIE layer deposited on top of various layers (metal oxides, metal, conducting polymer, 
and graphene, etc) via spin-coating method effectively reduced their work functions and exhibited 
excellent electron selectivity, leading to comparable device performance to the devices with metal 
oxide.80 However, polymer surface modifiers require synthesis/purification process and should be 
dissolved in polar solvents (e.g. 2-methoxyethanol, methanol, isopropanol, etc) for spin-coating. In 
addition, its thickness should be adjusted for device optimization by controlling the solution 
concentration and spin-coating rate. In spite of demands for developing new surface modifiers and 
their coating methods, there have been no reports on small-molecule organic surface modifiers and 
new coating techniques for high performance iPSCs. (Table 4.1)  
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Table 4. 1. Comparison of our work with previous reports on inverted organic solar cells. 
ETLs Device configuration 
JSC 
[mA cm-2] 
VOC 
[V] 
FF 
PCE 
[%] 
Ref. 
Metal  
oxide 
ZnO/p-DTS(FBTTh2)2:PC70BM/MoOx/Ag 14.50 0.72 0.60 6.29 63 
ZnO(30nm)/PCDTBT:PC70BM/MoOx/Ag 10.41 0.88 0.69 6.33 75 
ZnO(60nm)/PTB7:PC70BM/MoO3/Au 13.40 0.71 0.65 6.26 82 
TiO2(30nm)/PTB7:PC70BM/MoO3/Ag 14.36 0.70 0.63 6.12 82 
TiO2:Cs/PTB7:PC70BM/MoO3/Ag 14.73 0.72 0.66 6.53 82 
ZnO(30nm)/PTB7:PC70BM/MoO3/Ag 14.72 0.72 0.69 7.22 74 
ZnO(40nm)/PBDT-DTNT:PC70BM/MoO3/Ag 15.20 0.69 0.55 6.10 83 
 ZnO-R/PTB7:PC70BM/MoO3/Ag 13.70 0.71 0.69 6.71 84 
ZnO(50nm)/PTB7:PC70BM/MoO3/Au  12.50 0.74 0.65 6.00 This 
Work 
Polymer 
surface 
modifier 
PEIE(10nm)/p-DTS(FBTTh2)2:PC70BM/MoOx/Ag  12.60 0.77 0.54 5.18 63 
PFN(5nm)/PTB7:PC70BM/MoO3/Al 17.37 0.75 0.69 8.96 85 
PEIE(10nm)/PTB7:PC70BM/MoO3/Au 14.40 0.71 0.68 7.02 82 
Metal oxide 
/buffer layer 
ZnO/PEIE/p-DTS(FBTTh2)2:PC70BM/MoOx/Ag 15.20 0.77 0.67 7.88 63 
ZnO/PFN-Br/PBDT-DTNT:PC70BM/MoO3/Ag 17.40 0.75 0.61 8.40 83 
ZnO-R/polar solvent/PTB7:PC70BM/MoO3/Ag 16.76 0.71 0.73 8.69 84 
Small 
molecule 
surface 
modifier 
ETA-VC/PTB7:PC70BM/MoO3/Au 14.20 0.73 0.61 6.28 
This 
Work 
ETA-VC/PTB7:PC70BM/MoO3/Au 14.23 0.73 0.67 6.99 
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In this work, we demonstrate vapor coating method of small molecule-based organic surface 
modifier for high performance iPSCs. We chose ethanolamine (ETA) both as surface modifier of 
electrode and electron selective layer, since ETA is soluble in polar solvents and a volatile solvent as 
well as ETA can be easily deposited on ITO substrate via both spin- (ETA-SC) and vapor-coating 
(ETA-VC). The ETA treatment reduces work function of indium tin oxide (ITO) cathode, facilitates 
electron transport, and blocks hole transport from the active layer to cathode. Furthermore, ETA 
treatment maximizes light absorption within the active layer due to the absence of light absorption in 
UV region and interference by metal oxide layer, leading to enhancement in short-circuit current 
density (JSC) and PCE. 
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4.2 Experimental details 
PSCs fabrication and characterization.  
ITO-coated glass substrates were cleaned by ultrasonication sequentially in deionized water, 
acetone and iso-propanol, and then dried in an oven for overnight. The ZnO precursor solution was 
prepared via sol-gel method.86 For ZnO layer, this solution was spin-cast on ITO substrate at 3000 
rpm for 25 sec and then annealed at 110 °C for 10 min. For ETA-SC, ETA solution dissolved in 
methanol (MeOH) (optimized concentration of 2 wt.%) and this solution was spin-cast on ITO 
substrate at 2000 rpm for 40 sec. To remove physically-adsorbed ETA molecules, ETA-SC-treated 
films were washed with pure MeOH by spin-coating MeOH on them, leading to formation of ETA 
monolayer (~5 nm). For ETA-VC, a few ETA droplets (40 μl) were dropped around ITO substrates 
inside Petri dish and closed lid. Subsequently, temperature elevated up to 50 °C and maintained it for 
10 min. For deposition of the active layer, blend solutions of PTB7 (1 wt.%):PC70BM (1.5 wt.%) 
dissolved in mixed solvent of chlorobenzene and 1,8-diiodooctane were spin-coated on top of the 
different layer in a nitrogen-filled glove box. The thickness of the active layer was measured to be 
about 190 nm. The device was then pumped down under vacuum (< 10–6 Torr), and the p-type MoO3 
(5 nm) and Au (80 nm) electrode were then deposited on top of the active layer via thermal 
evaporation. The area of the Au electrode defines an active area of the device as 13.0 mm2. For the 
characterization of PSCs, their current density-voltage (J-V) characteristics were measured using a 
Keithley 2635A Source Measure Unit. The solar cell performance was tested with an Air Mass 1.5 
Global (AM 1.5 G) solar simulator under an irradiation intensity of 100 mW·cm-2. The EQE 
measurements were obtained using a PV measurement QE system by applying monochromatic light 
from a xenon lamp under ambient conditions. The monochromatic light intensity was calibrated using 
a Si photodiode and chopped at 100 Hz. A mask (13.0 mm2) made of thin metal was used for J-V 
characteristics and EQE measurements. 
 
Characterization of ITO electrodes with ZnO or ETA treatment.  
Work function of ITO electrodes with ZnO layer and ETA treatment were obtained via ultraviolet 
photoelectron spectroscopy using He I (21.22 eV) radiation line from a discharge lamp. The AFM 
images (1.5 μm × 1.5 μm) were obtained using a VeecoAFM microscope in a tapping mode. 
Reflectance spectra were measured on a Varian Cary 5000 spectrophotometer and contact angle 
measurements were performed using DSA 100 instrument. Contact angles were measured using 
DSA100 (KRUSS, Germany). The impedance spectra were measured using electrical impedance 
spectroscopy (SI 1287 Solartron). The oscillation amplitude of the AC voltage was maintained at 10 
mV for all impedance measurements. 
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4.3 Results and discussion 
Figure 4.1a and 4.1b show device structure and energy-band diagram of iPSCs with ZnO layer or 
ETA treatment, respectively. The ZnO nanoparticles were prepared via sol-gel method.86 The ZnO 
layer was introduced between ITO and the active layer as an electron selective layer (Figure 4.1a) 
because of large band gap (3.2 eV) and well-matched energy levels with the components of the active 
layer (valence band of 7.8 eV and conduction band of 4.6 eV) to block hole extraction and facilitate 
electron transport from the active layer to cathode. For ETA-SC, ETA was dissolved in methanol 
(MeOH) and this solution was spin-coated on top of ITO substrate. Vapor-coating method is the 
similar to solvent annealing treatment of PSCs. After putting several ITO substrates in glass dish, 3~5 
droplets (40 μl) of ETA were placed in the vicinity of substrates and covered the glass. Subsequently, 
temperature increased up to 50 °C and maintains it for 10 min. The details of ETA-SC and ETA-VC 
are described in the Experimental Section. As shown in Figure 4.1b, interfacial dipole by negative 
dipole moment of ETA-SC and ETA-VC shifts the vacuum level of ITO close to that of the active 
layer and effectively reduces work function of bare ITO (4.74 eV) to 4.52 eV and 4.48 eV, 
respectively (Figure 4.2 and Table 4.2). 
 
 
Figure 4. 1. (a) Device architecture and (b) energy band diagram of iPSCs with ZnO layer or ETA treatment. 
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This implies that only ETA treatment without metal oxide layer can facilitate electron transport 
from the active layer to cathode by reducing the energy barrier between them. 
 
 
Figure 4. 2. Photoemission cutoff region obtained via UPS for ZnO-coated and ETA-treated ITO substrates. 
 
To compare the effect of ZnO and ETA on device performance both as surface modifier and 
electron selective layer, iPSCs were fabricated using poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno-[3,4-b]thiophenediyl]] (PTB7) 
and [6,6]-phenyl-C70 butyric acid methyl ester (PC70BM) as the active layer (Figure 4.1a). Figure 
4.3a and 4.3b exhibit current density-voltage (J-V) characteristics of PTB7:PC70BM iPSCs with 
different electron selective layer under AM 1.5 irradiation and dark condition, respectively. The 
device without any treatment was used as a reference. We also prepared the device with MeOH 
treatment to understand the only MeOH effect on device performance. There was negligible effect of 
MeOH treatment on device characteristics. The device with ZnO layer exhibited JSC of 12.5 mA cm-1, 
open-circuit voltage (VOC) of 0.74 V, fill factor (FF) of 0.65, and PCE of 6.00%. Both ETA-SC and 
ETA-VC treatments instead of ZnO layer remarkably improved JSC up to 14.20 mA cm-1, whereas VOC 
and FF remained almost similar (VOC = 0.73 V, FF = 0.61 for ETA-SC and VOC = 0.73 V, FF = 0.67 
for ETA-VC). The detailed device characteristics are listed in Table 4.3. 
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Table 4. 2. Calculated work function of ITO substrates with different treatment. 
 Bare ITO ZnO ETA-SC ETA-VC 
Work function 
(eV) 
4.74 4.63 4.52 4.48 
 
 
Compared to the device with ZnO, the device with ETA-SC showed decrease in FF, whereas there 
is slightly increased FF in the device with ETA-VC. Slight changes of FF by different treatments are 
consistent with differences in leakage current and rectification ratio of dark J-V characteristics 
(Figure 4.3b). These tendencies were also confirmed by series (Rs) and shunt resistance (Rsh) (Table 
4.3). The PCE enhancement by both ETA-SC and ETA-VC treatments mainly resulted from ~14% 
increase in JSC, which are clearly seen in EQE results (Figure 4.3c). Although the device with ZnO 
had the similar JSC with reference device, we observed EQE curves with different shapes. The EQE 
values of the device with ZnO were lower in shorter wavelength region (below 560 nm) and higher in 
longer wavelength region (above 560 nm), compared to reference device. In contrast, both ETA-SC 
and ETA-VC treatment led to remarkable EQE enhancement over the whole wavelength region. 
Different shape of EQE curve and low EQE values of the device with ZnO may be attributed to 
combined effect of light absorption in UV region and light interference effect by ZnO layer. Since 
device stability in air condition is one of key factors for iPSCs, we also tested air stability of iPSCs 
with different electron selective layer over 120 h (Figure 4.3d). After air exposure of the devices with 
different electron selective layer for 120 h, reduction rate of device efficiencies were 32% for ZnO, 40% 
for ETA-SC, and 32% for ETA-VC, respectively. In spite of the absence of metal oxide layer, air 
stability of the devices with ETA-VC was comparable to ZnO device. Furthermore, ETA treatments 
are suitable for flexible devices and roll-to-roll mass production because of their solution 
processability at low temperature.  
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Figure 4. 3. J-V characteristics under (a) A.M. 1.5G illumination and (b) dark condition , (c) EQE, and (d) air 
stability of PTB7:PC70BM-based iPSCs with different treatments. 
 
 
Table 4. 3. Device characteristics of PTB7:PC70BM-based iPSCs with different treatments. 
Device configuration JSC 
[mA cm-2] 
VOC 
[V] 
FF 
PCE 
[%] 
JSC [cal.] 
[mA cm-2] 
Rsa 
[Ω cm2] 
Rsha 
[Ω cm2] 
ITO/PTB7:PC71BM 12.90 0.56 0.56 4.02 12.50 1.53 270 
ITO/MeOH/PTB7:PC70BM 13.00 0.56 0.56 4.13 13.01 1.48 350 
ITO/ZnO/PTB7:PC70BM 12.50 0.74 0.65 6.00 12.11 1.10 791 
ITO/ETA-SC/PTB7:PC70BM 14.20 0.73 0.61 6.28 14.01 1.19 469 
ITO/ETA-VC/PTB7:PC70BM 14.23 0.73 0.67 6.99 14.08 1.02 1268 
a Rs and Rsh were derived from the slope of J-V curves at open-circuit (I=0) and short-circuit (V=0) condition, 
respectively.  
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To understand the effect of ETA treatment on device performance, we investigated the changes in 
light absorption from reflectance measurements of the devices with different electron selective layer 
using three types of device configurations, which are the same structures with device fabrication 
(Figure 4.4a). Figure 4.4b exhibits reflectance spectra of the devices with different electron selective 
layer. The shapes of reflectance spectra were similar in all devices except for ZnO device. To clarify 
the changes in light absorption within the active layer by ZnO and ETA, we calculated absorption 
change (∆α) from the results of reflectance measurements (inset of Figure 4.4b).30, 87  Compared to 
reference device, the device with ZnO layer showed significant decrease in light absorption by light 
interference, whereas both ETA treatments led to enhanced light absorption ranging from 400 to 750 
nm. To find the origin of JSC enhancement, we also compared the ∆α and EQE enhancement (∆ EQE) 
by different ETA treatments. For calculation of ∆ EQE, we subtracted corresponding EQE of the 
devices with ZnO layer from EQE of the devices with ETA treatments (Figure 4.4c). The ∆ EQE 
spectra of ETA-SC and ETA-VC showed high and broad enhancement over the whole wavelength 
region, which were consistent with spectra of absorption change. This implies that enhanced JSC by 
replacing ZnO with ETA originates from remarkable increase in light absorption within the active 
layer. 
 
 
Figure 4. 4. (a) Device structures for reflectance measurement and (b) reflectance spectra of PTB7:PC70BM-
based iPSCs with different treatments. (c) Comparison of absorption change (∆α) with EQE enhancement (∆ 
EQE) by ETA-SC and ETA-VC treatments. The inset of Figure 3b shows ∆α within the whole device architecute 
by ZnO layer or ETA treatment. 
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To investigate the changes in hydrophobicity and morphology of ITO surface by different 
treatments, we measured contact angles and atomic force microscopy (AFM) of ZnO-coated and 
ETA-treated ITO substrates (Figure 4.5). We prepared bare ITO as a reference. Reference ITO 
without UV ozone treatment showed contact of 79° (Figure 4.5a) and surface roughness of 0.80 nm 
(Figure 4.5e). After coating ZnO layer on ITO substrate, contact angle decreased to 33° (Figure 4.5b) 
and surface roughness also increased to 1.52 nm (Figure 4.5f). Compared to ZnO layer, both films 
with ETA-SC and ETA-VC treatment showed increased contact angles (SC: 44° and VC: 64°) (Figure 
4.5c and 4.5d) and smooth roughness (SC: 0.48 nm and VC: 0.55 nm) (Figure 4.5g and 4.5f). For 
contact angle measurement of ETA-SC, combined effect of methanol and ETA led to resulting contact 
angle (Figure 4.6).  
 
Figure 4. 5. Contact angle measurements (a-d) and AFM topography images (e-h) of bare ITO (a and e), ZnO-
coated (b and f), ETA-SC-treated (c and g), and ETA-VC-treated (d and h) ITO substrates, respectively. AFM 
image size is 1.5 μm x 1.5 μm. 
 
 
Figure 4. 6. Contact angles measurements of bare ITO and ITO substrates with MeOH, ETA-SC (before 
washing with MeOH), and ETA-SC + MeOH (after washing with MeOH) treatment. 
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To optimize the condition for ETA-VC, we fabricated the devices and measured contact angles as 
function of vapor time. Increasing the vapor time reduced JSC and FF, which implies that lots of vapor 
adsorbed on ITO substrate is detrimental for device performance (Figure 4.7 and Table 4.4). In 
contact angle measurements, there were negligible changes in contact angles by increasing vapor time 
(∆ contact angle between ETA-VC for 10 min and 90 min: 4°) (Figure 4.8).  
 
 
Figure 4. 7. J-V characteristics of PTB7:PC70BM-based iPSCs with ETA-VC as a function of vapor time. 
 
 
Table 4. 4. Device characteristics of the devices with ETA-VC as a function of vapor time. 
Vapor time 
(min) 
Jsc 
(mA cm-2) 
Voc 
(V) 
FF 
PCE 
(%) 
10 14.23 0.73 0.67 6.99 
30 13.77 0.75 0.67 6.84 
60 13.65 0.74 0.66 6.65 
90 13.43 0.73 0.65 6.36 
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Consequently, ETA-VC for 10 min is sufficient for depositing ETA molecules on ITO substrate and 
optimum condition for best device performance. Although ETA treatment increases hydrophobicity 
and makes the surface of electrode smoother, there are no effect of ETA treatment on morphologies 
and thickness of the PTB7:PC70BM active layer (Table 4.5). Root-mean-square roughness (1.50 ± 
0.05 nm) and thicknesses (190 ± 25 nm) of upper active layer on ITO substrates with different 
treatments were almost identical regardless of ZnO and ETA treatments.  
 
 
Figure 4. 8. Contact angles measurements of ITO substrates as a function of process time of ETA-VC. 
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Table 4. 5. Surface morphology and thickness of PTB7:PC70BM BHJ films spin-coated on different substrates. 
 
 
To elucidate the influence of ETA treatment on recombination loss and charge transport between 
organic active layer and inorganic metal oxide, we measured the dependence of VOC on the logarithm 
of the light intensity and electrical impedance spectroscopy (EIS). The light intensity dependence of 
VOC provides the order of the recombination processes in BHJ PSCs.62, 63, 88 Linear dependence of VOC 
on light intensity with slope of kT q-1 was commonly observed in BHJ PSCs due to bimolecular 
recombination, 
 
δ𝑉OC = (
𝑘𝑇
𝑞
) ln(𝐼) +  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                              (4-1) 
 
where k is Boltzmann’s constant, T is Kelvin temperature, and q is the elementary charge.62, 89 As 
shown in Figure 4.9a, the device with ETA-SC showed stronger dependence of VOC on light intensity 
with slope of 1.20 kT q-1 than ZnO device (1.09 kT q-1). In contrast, the device with ETA-VC exhibited 
reduced dependence of VOC on light intensity with slope nearly equal to 1.0 kT q-1. Since strong 
dependence of VOC on light intensity indicates high trap-assisted recombination, ETA-VC treatment 
remarkably reduced recombination at the interface of the active layer and ITO cathode, compared to 
ZnO and ETA-SC. The EIS results were also consistent with these data (Figure 4.9b). The device 
with ETA-SC showed higher charge transfer resistance (RCT) than ZnO device, whereas ETA-VC 
treatment remarkably reduced RCT. The decreases in trap-assisted recombination and RCT by ETA-VC 
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treatment improves charge collection probability and electron transport from the active layer to 
cathode, leading to high JSC and FF. 
 
 
Figure 4. 9. (a) Dependence of VOC on light intensity and (b) electrical impedance measurement of 
PTB7:PC70BM iPSCs with different treatments. 
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4.4 Conclusion 
In conclusion, vapor coating method of ETA between the active layer and ITO electrode has been 
developed for high performance iPSCs. The ETA-VC treatment both as surface modifier for low work 
function electrode and electron selective layer reduces contact resistance and improves compatibility 
and electron transport between the active layer and ITO cathode while maximizing light absorption 
within the active layer, leading to remarkable enhancement in JSC and PCE. This approach provides an 
effective way to apply to flexible devices and improve their device performance by replacing metal 
oxide layer with organic surface modifier in organic optoelectronic devices. 
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CHAPTER 5. Conjugated Polyelectrolyte Hole Transport Layer for High-
Performance Inverted-Type Perovskite Solar Cells 
5.1 Research background 
Organic-inorganic hybrid perovskites have attracted considerable attention as possible next-
generation thin-film solar cells because of advantages such as the low-cost of precursors, easy tuning 
of the bandgap, broad light absorption throughout the visible wavelength region, long exciton 
diffusion length, and solution-processability18, 90-93. Efforts dedicated toward improving device 
architectures and optimization of perovskite film morphology have improved power conversion 
efficiencies (PCEs) of perovskite solar cells (pero-SCs) up to 19%94-99. The fabrication of 
conventional pero-SCs, however, high-temperature annealing is required for the metal oxides 
(titanium oxide and zinc oxide are commonly used as the electron transport layer). The high-
temperature annealing is not consistent with the use of flexible plastic substrates.  
 
Table 5. 1. Summary of chemical structures, optical, electrochemical properties of various CPEs.  
 
 
Inverted-type pero-SCs (ipero-SCs) have emerged as an alternative to conventional pero-SCs 
because of their low-temperature solution-processability. In this strategy, poly(3,4-
ethylenedioxythiophene):poly-styrene sulfonate  (PEDOT:PSS) is used as the hole transport layer 
(HTL). However, there is evidence that the acidic nature of PEDOT:PSS is detrimental to long-term 
device performance and stability45. As an alternative to PEDOT:PSS, inorganic HTLs previously 
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developed for polymer solar cells have been introduced into ipero-SCs. Docampo et al. reported that 
hole transport through vanadium oxide (V2O5) and nickel oxide (NiO) are comparable to that of 
PEDOT:PSS. However, ipero-SCs based on inorganic HTLs and methylammonium lead trihalide 
(MAPbI3-XClX)/[6,6]-phenyl-C61 butyric acid methyl ester (PCBM) planar heterojunction structures 
exhibited poor device performance due to incomplete surface coverage as a result of different surface 
energies of perovskite solution and V2O5 or NiO substrates100. Recently, ipero-SCs based on 
methylammonium lead iodide (MAPbI3) achieved PCEs of ~9.5% by using mesoporous NiO as the 
HTL101. However, thermal annealing treatment over 400 °C was needed to convert amorphous NiO 
into nanocrystalline NiO films. Moreover, the power conversion efficiencies were still lower than 
those of the devices with PEDOT:PSS. It is therefore necessary to find new HTLs that are compatible 
with perovskite precursor solution and low-temperature solution-processing. To the best of our 
knowledge, there have been few reports on high-performance ipero-SCs using organic HTLs instead 
of PEDOT:PSS and p-type metal oxides98, 102, 103.   
 
 
Figure 5. 1. (a) J-V curves and (b) EQE of ipero-SCs with different HTLs. 
 
Here, we report ipero-SCs that take advantage of a novel pH-neutral and low-temperature solution-
processable conjugated polyelectrolyte (CPE) as the HTL. Among various CPEs (Table 5.1), we 
employ a poly[2,6-(4,4-bis-potassiumbutanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene)-alt-
4,7-(2,1,3-benzothiadiazole)] (CPE-K) because CPE-K results in highest PCE (Figure 5.2 and Table 
5.2), which is previously used in polymer solar cells42. These devices with CPE-K achieve a PCE of 
over 12% with enhanced device stability under ambient conditions. These improvements are 
attributed the excellent wetting of perovskite precursor solution on the CPE layer, efficient hole 
selectivity between the perovskite and indium tin oxide (ITO) anode, and pH-neutral CPE-K solution.  
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Table 5. 2. Device characteristics of ipero-SCs with different HTL. 
HTL 
JSC 
(mA cm-2) 
VOC 
(V) 
FF 
PCE 
(%) 
PEDOT:PSS 19.58 0.84 0.66 10.77 
CPE-K 20.10 0.89 0.70 12.51 
CPE-Na 16.48 0.84 0.62 8.52 
CPEPh-Na 16.97 0.92 0.63 9.77 
PFBT-Na 0.04 0.84 0.22 0.01 
 
We employed four conjugated polyelectrolytes (CPEs) with different anionic polymer backbones 
and counter ions. Chemical structures and a variety property of these CPEs were listed in Table 5.1. 
To compare the effect of different CPEs on device performance, we fabricated ipero-SCs using CPEs 
as the HTL. Figure 5.1a and Figure 5.1b show J-V curves and EQE of the devices as a function of 
HTLs, respectively. The detailed device parameters are listed in Table 5.2. The device with PFBT-Na 
showed poor device performance, whereas CPE-Na and CPEPh-Na led to comparable PCE to that of 
the device with PEDOT:PSS. However, the devices with CPE-K exhibited highest PCE of 12.51% 
among various CPEs. Measured JSC values from J-V curves were consistent with JSC integrated from 
EQE curves (Figure 5.1b).  
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5.2 Experimental details 
Preparation of perovskite precursor solution.  
Lead chloride (PbCl2) was purchased from Sigma-Aldrich and used without purification. 
Methylammonium iodide (MAI) was synthesized using synthetic routes in previous literature97. MAI 
and PbCl2 with molar ratio of 3:1 were dissolved in N,N-dimethylformamide (DMF) at concentration 
of 40 wt.% and this solution was stirred at 60 °C for 6h in nitrogen-filled glovebox.  
 
 
 
Film preparation and characterization. 
We prepared perovskite films on different substrates for various measurements by using same 
procedures that were used for optimum devices. SEM images were obtained using FEI XL40 Sirion 
FEG digital scanning microscope. XRD measurements were carried out using a Bruker, D8 
ADVANCE at a scan rate of 2.4° min-1. UV-vis absorption was measured using a OLIS 14 
spectrophotometer. AFM images were obtained using a Asylum MFP-3D standard system AFM 
microscope in a tapping mode. Contact angle measurements were carried out using DSA 100 (KRUSS, 
Germany).  
 
 
 
Solar cell fabrication.  
ITO-coated glass substrates were cleaned using sequential ultrasonication in deionized water (DI 
water), acetone, and isopropanol for 10 min each. A poly(3,4-ethylenedioxythiophene):polystyrene 
sulfonate (PEDOT:PSS, CleviosTM P VP AI 4083, Heraeus) was spin-cast at 5000 rpm on UV ozone-
treated ITO substrates and dried at 140 °C for 10 min. We prepared CPE-K by following synthetic 
routes in previous reports104, 105. For CPE-K layer (thickness: 10 nm), we spin-cast CPE-K solution 
with concentration of 0.25 wt.% in solvent mixture of DI water and methanol (1:1 vol.%) and film 
was dried at 80 °C for 10 min. After transferring samples into nitrogen-filled glovebox, precursor 
solutions of MAPbI3-XClX perovskite were spin-cast at 7000 rpm on top of PEDOT:PSS and CPE-K 
layer, and baked at 90 °C for 60 min. A PCBM solution with concentration of 1.3 wt.% in chloroform 
was spin-cast at 3000 rpm on top of perovskite layer. Subsequently, an Al electrode with thickness of 
100 nm was deposited on top of the PCBM under vacuum (<10-6 Torr) by thermal evaporation. The 
area of the Al electrode defines the active area of the device as 3.30 mm2.  
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Solar cell characterization. 
The J-V characteristics of the solar cells were measured by a Keithley 2400 Source Measure Unit. 
The solar cell performance was tested with an Air Mass 1.5 Global (AM 1.5 G) solar simulator with 
an irradiation intensity of 100 mW cm-2. EQE measurements were obtained using the PV 
measurement QE system by applying monochromatic light from a xenon lamp under ambient 
conditions. The monochromatic light intensity was calibrated using a Si photodiode and chopped at 
100 Hz. Masks (1.70 mm2) made of thin black plastic were attached to each cell before measurement 
of the J-V characteristics and the EQE to accurately measure the performance of solar cells. All 
devices were tested in ambient air after UV-epoxy encapsulation. 
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5.3 Results and discussion 
Optical properties.  
We first compared the transmittance of PEDOT:PSS and CPE-K and absorption of perovskite films 
coated on top of them. Figure 5.2a provides the transmittance spectra of PEDOT:PSS and CPE-K 
films spin-coated on ITO substrates. Bare ITO is also included for comparison. Compared to 
PEDOT:PSS, CPE-K showed lower transmittance in the range of 350-500 nm and 600-850 nm 
because of its narrow bandgap (1.4 eV)105. Prior to depositing perovskite films on different substrates, 
we tested whether CPE-K film is washed out by the solvent used for perovskite precursor deposition, 
namely N,N-dimethylformamide (DMF). Although the absorption of the CPE-K film was slightly 
reduced after spin-coating from DMF (Figure 5.3), the perovskite film can be deposited on CPE-K 
without complete removal of underlayer, as confirmed by the absorption spectra of MAPbI3-XClX 
perovskite films spin-coated on PEDOT:PSS and CPE-K (Figure 5.4). Perovskite films on CPE-K 
exhibited slightly higher optical density than perovskite on PEDOT:PSS in the range of 500-850 nm 
due to absorption of CPE-K (Inset of Figure 5.3). Regardless of substrates, both perovskite films 
with thickness of 250 ± 20 nm exhibited broad and high light absorption in visible wavelength region.  
 
 
Figure 5. 2. Effect of PEDOT:PSS and CPE-K on optical property and perovskite crystallinity. (a) Comparison 
of transmittance between PEDOT:PSS and CPE-K on ITO substrate. (b) XRD patterns of perovskite films on 
PEDOT:PSS and CPE-K layer. 
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Figure 5. 3. Absorption spectra of PEDOT:PSS and CPE-K films before and after washing with DMF. ITO 
substrate was used as baseline. 
 
Figure 5.3 shows absorption spectra of PEDOT:PSS and CPE-K before and after washing them 
with DMF. DMF is a solvent for dissolving two perovskite precursor materials, MAI and PbCl2. 
Absorption spectrum of PEDOT:PSS was unchanged after washing with DMF, whereas we observed 
30% decrease in optical density (OD) of CPE-K. Although washing process with DMF slightly 
removed CPE-K film, this layer was still existed on ITO substrate without complete washing out. 
Absorption spectra of perovskite film on PEDOT:PSS and CPE-K were shown in Figure 5.4. The 
film on CPE-K exhibited slightly higher OD than that of the film on PEDOT:PSS owing to higher 
absorption of CPE-K in visible wavelength region. Absorption difference between perovskite films on 
PEDOT:PSS and CPE-K (Inset of Figure 5.4) was consistent with absorption difference between 
PEDOT:PSS and CPE-K (Figure 5.3).  
 
 
Figure 5. 4. UV-vis absorption spectra of MAPbI3-XClX perovskite films spin-coated on top of PEDOT:PSS and 
CPE-K. Inset shows absorption difference between them. 
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Film morphology.  
To investigate the influence of PEDOT:PSS and CPE-K on perovskite crystallinity, we performed 
X-ray diffraction (XRD) measurement. We prepared perovskite films on top of glass substrates coated 
with PEDOT:PSS and CPE-K. Both films exhibited diffraction peaks at 14.15°, 28.47°, and 43.12°, 
corresponding to (110), (220), and (314) planes of the tetragonal perovskite phase (Figure 5.2b). 
These peaks are consistent with XRD results in previous reports on pero-SCs92, 93, 106. There were 
negligible differences in the intensity of diffraction peaks between the two underlayers, implying that 
both PEDOT:PSS and CPE-K are appropriate substrates for transforming perovskite precursor 
materials into the desirable perovskite crystal phase.  
 
 
Figure 5. 5. Perovskite film morphology. SEM top-view images of perovskite films spin-coated on top of (a) 
PEDOT:PSS and (b) CPE-K. Scale bar is 2 μm.  
 
Surface coverage and the morphology of perovskite film on specific substrates are crucial for 
determining resultant performance of pero-SCs94, 96. To compare the morphology of perovskite films 
on PEDOT:PSS and CPE-K, we utilized scanning electron microscopy (SEM) and atomic force 
microscopy (AFM). Figure 5.5 presents the top-view SEM images of perovskite films. Spin coating 
atop PEDOT:PSS leads to incomplete surface coverage with small voids between crystal boundaries 
(Figure 5.5a), whereas the CPE-K layer provides a uniform perovskite film without voids (Figure 
5.5b). AFM topography images were consistent with SEM results. Although both PEDOT:PSS and 
CPE-K layers provided uniform films with root-mean-square (rms) roughness of 1.0 nm (Figure 5.6), 
the perovskite film on CPE-K showed a more even surface with high surface coverage and a 
roughness of 14.7 nm compared to films deposited on PEDOT:PSS (roughness: 15.6 nm) (Figure 5.7).  
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Figure 5. 6. AFM topography (upper row) and phase images (lower row) of PEDOT:PSS (a and c) and CPE-K 
(b and d), respectively. Scale bar is 1 μm in all AFM images.  
 
 
 
Figure 5. 7. AFM topography images of perovskite films on (a) PEDOT:PSS and (b) CPE-K. Scale bar is 2 μm. 
 
We also studied the surface energy of PEDOT:PSS and CPE-K by performing contact angle 
measurements. Contact angles of PEDOT:PSS and CPE-K films to DMF were extremely low (< 3°,  
Figure 5.8) and therefore both layers provide excellent wettability with DMF. These results reveal 
that the physical properties of CPE-K relevant for fabrication of devices, such as wettability and 
hydrophilicity, are compatible with perovskite solution and enable formation of high coverage 
uniform perovskite films. 
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To investigate the influence of different substrates on perovskite film morphology, we first 
performed AFM measurements for PEDOT:PSS and CPE-K. In spite of small differences in 
topography and phase images, both films exhibited smooth surface with root-mean-square (rms) 
roughness of 1.0 nm (Figure 5.6). However, different morphology was clearly seen in perovskite 
films spin-coated on PEDOT:PSS and CPE-K (Figure 5.7). Perovskite film on CPE-K was uniform 
with complete surface coverage and rms roughness of 14.7 nm (Figure 5.7a), whereas film on 
PEDOT:PSS exhibited uneven surface with rms roughness of 15.6 nm and large number of voids 
between crystal boundaries (Figure 5.7b).  
 
 
Figure 5. 8. Contact angles of PEDOT:PSS and CPE-K films to DMF. 
 
This implies that CPE-K results in more uniform perovskite film with higher surface coverage than 
PEDOT:PSS. We also studied surface energy of PEDOT:PSS and CPE-K by performing contact angle 
measurements. Both film exhibited extremely low contact angles to DMF below 3° (Figure 5.8), 
indicating that super-hydrophilic surfaces of both PEDOT:PSS and CPE-K films are compatible with 
perovskite precursor solution and thus enable successful formation of perovskite film on them.  
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Charge transfer dynamics.  
To investigate hole selectivity of the perovskite light absorber to ITO anode, we carried out 
photoluminescence (PL) and time-resolved PL decay measurements. We prepared samples with 
configuration of glass / (PEDOT:PSS or CPE-K) / perovskite, where thick perovskite film (thickness: 
250±20 nm) were used for optimum device performance. CPE-K led to perovskite with more efficient 
PL quenching than PEDOT:PSS, with quenching efficiencies of 71% and 99% for PEDOT:PSS and 
CPE-K, respectively (Figure 5.9a). Figure 5.9b presents the time-resolved PL decay transients on 
different substrates. From the calculation of decay values, we obtained average PL decay time (τaver) 
of 153 ns for bare glass/perovskite, 91 ns for glass/PEDOT:PSS/perovskite, and 1.41 ns for 
glass/CPE-K/perovskite. These values are comparable to the PL decay time of MAPbI3-XClX 
perovskite reported previously91. Compared to the perovskite on PEDOT:PSS, CPE-K significantly 
reduced the PL decay time, implying that holes separated from photo-generated excitons within 
perovskite layer are efficiently extracted from perovskite to CPE-K. PL quenching and time-resolved 
PL decay measurements confirm the capability of CPE-K to extract and transport holes from the 
perovskite layer to the ITO anode. This result is in good agreement with data obtained using CPE-K 
as the hole extraction layer in polymer solar cells.15 
For PL decay transients, we prepared three types of samples (glass/perovskite, glass 
/PEDOT:PSS/perovskite, and glass/CPE-K/perovskite) using perovskite film with optimum thickness 
(250±20 nm) for best device performance. We excited samples at 405 nm and collected PL decay 
transients at 770 nm. Perovskite film on CPE-K exhibited faster average PL decay time (1.41 ns) 
compared to those of films on bare glass and PEDOT:PSS (Bare glass: 153 ns and PEDOT:PSS: 91 
ns). These values are in good agreement with PL lifetimes for MAPbI3-XClX perovskite film reported 
previously91. PL decay time measurement reveals that CPE-K has superior capability for hole 
transport from perovskite light absorber to ITO anode.  
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Figure 5. 9. Photoluminescence response of perovskite films on different substrates. (a) Steady-state PL spectra 
and (b) time-resolved PL decay transients of perovskite films on different substrates. PL decay transients were 
collected at 770 nm for all films in vacuum after excitation at 405 nm. 
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Solar cell performance.  
To verify the merits of CPE-K in devices, we fabricated ipero-SCs using the simple architecture 
ITO/PEDOT:PSS or CPE-K/MAPbI3-XClX perovskite/PCBM/Al (Figure 5.10a).The highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of CPE-K 
(HOMO: 4.9 eV and LUMO: 3.5 eV) are well matched with the valence (VB) and conduction band 
(CB) of the perovskite (VB: 5.4 eV and CB: 3.9 eV), respectively, thereby facilitating hole transport 
and blocking electron transport from perovskite to the ITO anode (Figure 5.10b). PCBM was used as 
electron transport layer because of the well-known efficient electron transport/hole blocking 
capability from perovskite to the Al cathode.  
 
 
Figure 5. 10. Structure of perovskite solar cells. (a) Device architecture and (b) energy-band diagram of the 
devices with PEDOT:PSS and CPE-K as the HTL. 
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Figure 5. 11. Solar cell performance and stability. (a) Current density-voltage (J-V) curves, (b) external quantum 
efficiency (EQE), (c) efficiency distribution diagram, and (d) device stability of ipero-SCs with PEDOT:PSS 
and CPE-K in ambient air condition. Inset table of Fig. (a) indicates solar cell parameters, JSC (mA cm-2), VOC 
(V), FF, and PCE (%). Inset images of Fig. (d) exhibit the photos of real devices with PEDOT:PSS and CPE-K 
after air exposure for 12 h.  
 
Figure 5.11a presents current density-voltage (J-V) curves of best ipero-SCs using PEDOT:PSS 
and CPE-K as the HTL. Devices with PEDOT:PSS exhibited power conversion efficiency (PCE) of 
10.77% with short-circuit current density (JSC) of 19.58 mA cm-2, open-circuit voltage (VOC) of 0.84 V, 
fill factor (FF) of 0.66. Replacing PEDOT:PSS with CPE-K led to a significant enhancement in 
device efficiency. The device with CPE-K yielded a PCE of 12.51% with JSC of 20.10 mA cm-2, VOC 
of 0.89 V, and FF of 0.70. The detailed solar cell parameters are listed in the inset table in Figure 
5.11a. The high JSC of the devices with PEDOT:PSS and CPE-K is consistent with calculated JSC from 
external quantum efficiency (EQE) curves (PEDOT:PSS: 18.56 mA cm-2 and CPE-K: 19.71 mA cm-2) 
(Figure 5.11b). The margin of error between JSC from J-V and EQE measurements was ± 5%. 
Interestingly, the EQE curve shape of the device with CPE-K differed from that of the device with 
PEDOT:PSS. Compared to EQE values of the device with PEDOT:PSS, EQE values of the device 
with CPE-K showed higher EQE values in the range of 400-650 nm and lower EQE values in the 
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range of 660-800 nm. This phenomenon may be attributed to distinct differences in light absorption 
and interference effect between PEDOT:PSS and CPE-K. We also tested hysteresis of the devices with 
PEDOT:PSS and CPE-K. There were slight hysteresis in both devices that may be attributed to 
interfacial traps induced in HTL or ferroelectric property of perovskite (Figure 5.12 and Table 5.3)107, 
108. 
 
 
Figure 5. 12. J-V curves of pero-SCs with PEDOT:PSS and CPE-K measured by forward and reverse scans with 
20 mV voltage steps and 10 ms delay times under AM 1.5G illumination.  
 
To confirm the reproducibility of device performance, we tested 30 devices that were fabricated 
using PEDOT:PSS and CPE-K with optimum thickness. Figure 5.11 presents a histogram of device 
efficiencies for ipero-SCs based on PEDOT:PSS and CPE-K. Average PCEs of the devices with CPE-
K (11.20%) were higher than those of the device with PEDOT:PSS (9.37%). Devices with either 
PEDOT:PSS or CPE-K exhibited similar VOC (0.84-0.90 V) with high reproducibility, whereas JSC and 
FF of the device with CPE-K were mainly higher than those of the device with PEDOT:PSS (Figure 
5.13). Although we also utilized the simple device structure (ITO/HTL/perovskite/PCBM/Al), the 
average PCEs of the devices with PEDOT:PSS reported here are comparable to or higher than those 
of ipero-SCs with similar structure reported in the previous literature (< 8%)106, 109, 110. Furthermore, 
the PCE > 12% of the device with CPE-K is one of the highest values in ipero-SCs with various hole 
and electron transport materials (NiOX, TiOX, and LiF, etc)97, 100, 101, 111, 112.  
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Table 5. 3. Device characteristics of ipero-SCs with PEDOT:PSS and CPE-K measured by forward and reverse 
scans 
HTL 
Scan 
direction 
JSC 
(mA cm-2) 
VOC 
(V) 
FF 
PCE 
(%) 
PEDOT:PSS 
Reverse 19.58 0.84 0.66 10.77 
Forward 18.79 0.83 0.58 9.04 
CPE-K 
Reverse 20.10 0.89 0.70 12.51 
Forward 19.41 0.89 0.60 10.30 
 
Figure 5.12 exhibits J-V characteristics of ipero-SCs with PEDOT:PSS and CPE-K measured by 
forward and reverse scan. The detailed device parameters were listed in Table 5.3. We performed 
scans with 20 mV voltage steps and 10ms delay times at 100 mW cm-2 irradiation. There was slight 
hysteresis in both devices which may result from interfacial traps induced in HTL or ferroelectric 
property of perovskite. 
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Figure 5. 13. Histograms of device parameters for 30 separate ipero-SCs with PEDOST:PSS and CPE-K. a) JSC, 
b) VOC, and c) FF. 
 
Figure 5.13 shows distribution histograms of three solar cell parameters for 30 separate devices 
with PEDOT:PSS and CPE-K. Both devices had similar VOC values (0.84-0.91 V) (Figure 5.13a), 
whereas the devices with CPE-K exhibited higher JSC and FF than those of the devices with 
PEDOT:PSS (Figure 5.13b and Figure 5.13c). As a result, the device with CPE-K yielded higher 
average PCE (11.20%) than that of the device with PEDOT:PSS (9.37%). This high device efficiency 
was attributed to improved perovskite film morphology (Figure 5.5) and efficient hole transport from 
perovskite to ITO anode (Figure 5.9) by CPE-K HTL.  
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Figure 5. 14. Real images of perovskite films coated on PEDOT:PSS and CPE-K illustrating visible degradation 
as a function of air exposure time. Average temperature and humidity were 20 ± 3 °C and 40 ± 10% for air 
stability, respectively. 
 
We also tested the stability of perovskite films and the devices with different HTL in ambient air 
condition. Average temperature and humidity were 20 ± 3 °C and 40 ± 10% for testing, respectively. 
We observed degradation in only perovskite film coated on PEDOT:PSS after exposure to air for 12 h 
(Figure 5.14). After 24 h, although the film on CPE-K started to degrade, its degradation rate was 
slower than that of the film on PEDOT:PSS. After 108 h, the color of the perovskite film on 
PEDOT:PSS had changed from dark brown to yellow, whereas the film on CPE-K retained the brown 
color. This suggests that the acidic nature of PEDOT:PSS accelerates the degradation of the perovskite 
film. Figure 5.11d presents normalized PCEs of ipero-SCs with PEDOT:PSS and CPE-K as a 
function of air exposure time. As expected from the film stability test, the devices with PEDOT:PSS 
exhibited a more rapid decrease in device efficiency than the devices with CPE-K. After air exposure 
for 35 min, the reduction rate of PCEs was 99% for the device with PEDOT:PSS and 55% for the 
device with CPE-K. Long air exposure times, over 12 h, resulted in severe corrosion of Al electrode 
caused by decomposition of perovskite film in the device with PEDOT:PSS (Inset of Figure 5.11d)113, 
114, which further confirms that CPE-K is beneficial for improving device stability. 
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Figure 5.14 presents visible degradation of perovskite films on PEDOT:PSS and CPE-K as a 
function of air exposure time. We tested film stability in ambient air condition with average 
temperature of 20±3° and humidity of 40±10%. We observed the same dark-brown films on both 
PEDOT:PSS and CPE-K. After 24 h, although visible degradation occurred in the film on CPE-K, 
degradation rate of film on PEDOT:PSS was much faster than that of film on CPE-K. After 180 h, 
perovskite film on CPE-K still maintained dark brown color, whereas film on PEDOT:PSS was 
completely changed to yellow solid, indicating decomposition of perovskite phase into PbI2 by the 
presence of water114. These results reveal that acidic nature of PEDOT:PSS has bad influence on 
perovskite film stability and thus is detrimental for device stability in air condition (Figure 5.11d). 
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5.4 Conclusion 
In summary, we have successfully employed pH-neutral and low-temperature solution-processable 
CPE-K as the hole transport layer in inverted-type perovskite solar cells. Excellent wetting of 
perovskite precursor solution on the CPE-K layer with leads to uniform active layer film with 
complete surface coverage and superior hole selectivity for facilitating hole transport from perovskite 
to the ITO anode. As a result, the device with CPE-K exhibits higher device efficiency, over 12%, 
than that of the device fabricated with widely used PEDOT:PSS. Furthermore, CPE-K improves the 
device stability in air because of the neutral pH of the underlayer. As an alternative to PEDOT:PSS 
and p-type metal oxides, CPE-K is a promising hole transport material for efficient 
perovskite/fullerene planar heterojunction solar cells which can be used on flexible substrates via roll-
to-roll processing. This strategy also offers a new approach to design hybrid tandem solar cells 
employing CPE-K as intermediate layer, and combining organometallic perovskites and small 
bandgap organic semiconductors as the active layer.  
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CHAPTER 6. Perovskite-Based Light-Emitting Solar Cells 
6.1 Research background 
In a short period of time, methyl ammonium (MA) lead halide perovskite semiconductors have 
proven themselves as incredibly effective solar cell (SC) materials115-118 as their power conversion 
efficiencies (PCEs) have surpassed every other emerging solar technology and matched the 
performance of well-established technologies like polycrystalline silicon, CdTe and Cu(InGa)Se2 
devices.119 Concurrently, interest in perovskite-based light emitting diodes (LEDs) has grown in recent 
months120-122 and the performance of perovskite LEDs has also progressed rapidly. Given the similar 
architectures of perovskite LED and SCs, one interesting possibility is perovskite light emitting solar 
cells (LESCs), or devices which reversibly transduce optical energy into electrical energy or electrical 
energy into optical energy.  
 
Although perovskite SCs and LEDs share similarities, they perform fundamentally different 
functions; the electronic band structures of SCs are designed to make it energetically favorable for 
electrons and holes to separate and migrate out of the active perovskite layer and towards the 
electrodes,123, 124 whereas LEDs are designed to make it energetically favorable for electrons and holes 
to migrate towards the active perovskite layer where they combine to emit light. An LESC must be 
able to perform both functions and act as a reversible opto-electronic transducer; that is absorb light in 
an active layer and extract photo-generated electron-hole pairs under illumination to generate power, 
while also being able to inject electron-hole pairs and promote radiative charge recombination in the 
same active layer when connected to an external power supply. These concepts are illustrated 
schematically in Figure 6.1a.  
 
The low exciton binding energies and high charge carrier mobilities of perovskite materials allow 
them to convert electron-hole pairs into photons and vice-versa with minimal energy loss, while at the 
same time efficiently transporting electrical charges into or out of the active layer. The solution-
processability and ability to tune bandgaps throughout the visible spectrum makes perovskite 
materials uniquely suited for this application and we will refer to this type of perovskite based LESC 
as a “peroptronic” device.  
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Figure 6. 1. Schematic diagrams. (a) Flow of charge carriers in a peroptronic device under SC and LED 
operation and (b) fabrication of MAPbBr3 based LESCs. 
 
Recent reports have demonstrated that perovskite solar cells based on CsPbI3 or mixed MA / 
formamidinium lead halides are able to exhibit excellent solar cell performance as well as efficient 
light emission at near-infrared wavelengths.125, 126 For instance, Bi et al reported electroluminescence 
quantum efficiencies of up to 0.5% for infrared LESCs with a band gap of 1.6 eV and photovoltaic 
power conversion efficiency (PCE) of 19.9%, but did not report detailed LED characteristics.125 
Swarnkar et al reported CsPbI3 quantum dot LESCs with PCE of 10.8% and electroluminescence near 
700 nm, but also did not include detailed LED characteristics.126 Despite these interesting results with 
infrared emitting solar cells, peroptronic devices which emit light in the visible region and function 
efficiently as solar cells, to the best of our knowledge, have not yet been reported. 
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While it is academically interesting to pursue perovskite devices which are able to reversibly 
convert energy between light and electrical potential, such devices are interesting from practical 
points of view as well. For instance, solar lamps, which use SCs to harvest solar energy during the day 
and LEDs to emit light at night have found wide use in consumer and public lighting applications and 
are envisioned as replacements for oil lamps in developing countries which lack electrical 
infrastructure, if they can be produced inexpensively.127 Integrating an LESC with a rechargeable 
battery would allow it to function as a solar lamp with reduced the complexity and cost compared to 
existing solar lamps. Additionally, LESCs have the potential to greatly improve performance in 
applications which rely on the weak photovoltaic effect of LEDs, such as fiber optic communications 
and atmospheric sensors.128, 129  
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6.2 Experimental details 
Materials. 
 Lead bromide (PbBr2) was purchased from Alfa Aesar, anhydrous N-methyl-2-pyrrolidone (NMP), 
anhydrous N,N-dimethylformamide (DMF), anhydrous isopropanol (IPA) and anhydrous Dimethyl 
sulfoxide (DMSO) were purchased from Sigma-Aldrich. All materials were used without purification.  
Methylammonium bromide (MABr) was prepared by mixing 30 ml CH3NH2 (40 wt% in water, 
Sigma Aldrich) and 30 ml Hydrobromic acid (48 wt% aqueous solution, Sigma Aldrich) in a 250 mL, 
three-neck flask at 0 ℃ for 2 hr with stirring. The precipitate was recovered by evaporation under 
vacuum at 60 ℃  for 1 hr. To purify, the MABr precursor was re-dissolved in ethanol and 
recrystallized from diethyl either. Finally, the MABr product was dried at 60 ℃ under vacuum oven 
for 24 hr.  
PEI BIm4 was prepared as follows: The conjugate acid of BIm4 (HBIm4) was first prepared in an 
adaptation of a previously reported method.130 Briefly, 250 mg NaBIm4 was dissolved in 20 mL of 
deionized water. 825 μL of 1M HCl was added to this solution via micropipette and the mixture was 
shaken. A fine white material (HBIm4) precipitated which was collected by centrifuging. The solid 
was washed three times with 5 mL water, twice with methanol (3 mL) and dried under vacuum to 
yield 141 mg of HBIm4. To 100 mg of HBIm4, 1.23 mL of a 50 mg/mL solution of PEI in IPA was 
added and the mixture was allowed to stir vigorously for at least 2 hr. Some HBIm4 remained un-
dissolved. The mixture was filtered through a 0.45 μm PTFE syringe filter to yield a clear solution 
which was diluted with 25 volumes of IPA before being used for device fabrication. Integration of a 
1HNMR spectrum indicated approximately 1 BIm4 anion for every 6 ethylenimine repeat units. 
1HNMR (400 MHz, D2O) δ 7.33 (1H, s), 7.06 (1H, s), 6.88 (1H, s), 2.5-2.8 (8.3H, br).  
 
 
General Methods.  
Scanning electron microscope measurements (SEM) were performed using an S-4800 Hitachi 
high-Technology microscope. SEM samples were prepared by coating perovskite presursor solutions 
onto glass substrates by spin-coating at 3000 rpm. For X-ray diffraction (XRD) measurements, 
perovskite films were coated on PEDOT:P SS-coated glass substrates and diffractorams were 
collected using a Bruker D8 ADVANCE diffractometer at a scan rate of 2.4° min-1. UV-vis 
absorption was measured using a Varian Cary 5000 spectrophotometer 
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Perovskite Films.  
One-step method: To prepare MAPbBr3 precursor solutions for the one-step method, MABr and 
PbBr2 were dissolved at a 1.05:1 molar ratio in a mixture of DMF and DMSO solvents (7:3 [v/v]) 
with a concentration of 37.5 wt%. This solution was stirred with a magnetic stir-bar at 60 °C for 2 hr 
prior to use. 
Two-step method: To prepare PbBr2 solutions for the two-step method, PbBr2 was dissolved in a 
mixture of DMF and NMP (9:1 [v/v]) at a concentration of 367 mg/ml. An MABr solution was 
prepared by dissolving MABr in IPA with a concentration of 20 mg/ml. Both solutions were stirred 
with a magnetic stir-bar at room temperature for 2 hr prior to use. 
 
 
Device fabrication.  
ITO-coated glass substrates were cleaned by ultra-sonication in deionized water, acetone and 
isopropanol for 10 min each. A poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid 
(PEDOT:PSS) layer was deposited on cleaned ITO substrates by spin-coating at 3000 rpm for 40 s, 
followed by annealing at 150 °C for 15 min. On top of the PEDOT:PSS (AI 4083) layer, the 
perovskite (MAPbBr3) precursor solution (one-step method) was spin-cast at 500 rpm and 3000rpm 
for 5 s and 50 s, respectively. During the second spin-coating step, the film was treated by dropping 
chlorobenzene onto it after 30 s of spinning. The two step method was carried out as follows: a PbBr2 
solution was first spin cast at 5000 rpm for 30 s. Directly on top of PbBr2 layer, an MABr solution 
was dropped and left to stand for 20 s, then the substrate was spun at 3000 rpm for 30 s. Various 
electron transport layers were deposited by spin-coating at 2500 rpm for 40 s as described below. 
Finally, devices were completed by thermal evaporation under high vacuum (<10-6 Torr) using Ag 
electrodes with a thickness of 120 nm. 
 
 
Electron Transport Layer Deposition.  
On top of the perovskite layer, one of the following ETLs solutions was spin cast: A 50 mg/ml 
solution of ZnO NPs in chloroform or 10 mg/ml TPBI solution in chlorobenzene or 2mg/ml PEI or 
PEI BIm4 solutions in isopropanol were spin-cast at 2500 rpm for 40s. It should be noted that ZnO is 
known to react with MAPbI3 upon thermal annealing,131 however, we found that the ZnO NP ETL did 
not noticeably affect the stability of devices if it was deposited on top of the MAPbBr3 layer without 
thermal annealing. 
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Solar Cell and LED Characterization. 
 The current density-voltage (J-V) characteristics of the solar cells were measured using a Keithley 
2635A Source Measure Unit. Solar cell performance was carried out under illumination by an Air 
Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW cm-2. Apertures 
(13.0 mm2) made of thin metal were attached to each cell before measurement for J-V characteristics. 
External quantum efficiency (EQE) measurements were obtained with a PV measurements QE system 
under ambient conditions, with monochromated light from a xenon arc lamp. The monochromatic 
light intensity was calibrated with a Si photodiode and chopped at 100 Hz. LED measurments were 
performed using a Keithley 2400 source measurement unit and a Konica Minolta spectroradiometer 
(CS-2000, Minolta Co.).  
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6.3 Results and discussion 
Perovskite Materials and Processing 
To design an efficient peroptronic device, we chose MAPbBr3 as an active layer material, as it 
possesses an appropriate band gap (Eg, 2.18 eV) for this application. MAPbBr3 absorbs light strongly 
below 540 nm, which allows it to generate significant photocurrent132, 133 and exhibits fluorescence in 
the middle of the visible spectrum (at ~520 – 560 nm), which is desirable for LED devices.134  
In general, perovskite SCs tend to exhibit optimal performance when the crystal grain size of the 
active layer is large, whereas perovskite LEDs tend to perform better with smaller grain sizes and 
smoother films.135 Thus, the active layer morphology of peroptronic devices must be designed to 
allow charge separation and charge recombination to both occur with minimal losses. We observed 
that small grain sizes inevitably led to poor SC performance, whereas intermediate to large grain sizes 
(greater than ~ 100 nm) could produce reasonably good LED performance with the use of suitable 
buffer layers. Two processing approaches were found to yield MAPbBr3 films with suitable 
morphologies including a single step94 and two-step136 approach. A one-step, solvent-engineering 
method involved spin-coating an MAPbBr3 film from a dimethylformamide (DMF) and 
dimethylsulfoxide solvent mixture, followed by dropping a non-solvent (chlorobenzene) on the drying 
film while as it was still spinning. Additionally, a two-step, layer-by-layer method was employed. In 
the two-step method, a PbBr2 film was first spin-cast from a solution in DMF, followed by conversion 
to MAPbBr3 by spin-coating a solution of MABr in isopropanol (IPA). A schematic illustration of the 
device fabrication process is shown in Figure 6.1b  
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Figure 6. 2. Material properties. (a) SEM image of solution-processed MAPbBr3 film. (b) X-ray diffractogram 
of MAPbBr3 layer. (c) Absorption and photoluminescence of MAPbBr3 layer. 
 
Both techniques yielded functioning LESC devices, however, we observed superior performance in 
the one-step processed films and we will focus on data for this method. A scanning electron 
microscope (SEM) image of a MAPbBr3 films processed by the one-step method is shown in Figure 
6.2a. Characteristics of MAPbBr3 films processed by the two-step method are included in Figure 6.3. 
The films exhibit average grain sizes of about 250 nm and 330 nm, for one-step and two-step 
processing, respectively. The one-step method yields grains which are somewhat smaller, but more 
closely packed than the two-step method, while the two-step method showed larger cracks between 
crystal grains. X-ray diffraction (XRD) patterns of the one-step method films (Figure 6.2b) exhibit 
peaks at 14.48˚, 29.69˚, and 45.51˚ that can be assigned to (100), (200), (300) diffraction planes of the 
Pm3m cubic structure of MAPbBr3.137 There are no differences in the position of XRD peaks for the 
two processing methods, however, with the two-step method, we observed very strong diffraction 
peaks corresponding to the (100), (200), (300) planes. The higher intensity, narrower peak width, and 
predominance of (100), (200), (300)  peaks observed in the two-step method film can be attributed to 
larger grain size138 and anisotropic growth of the 100 crystal plane relative to the substrate 
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Figure 6. 3. Characteristics of two-step, solution-processed MAPbBr3 films. (a) SEM image. (b) X-ray 
diffractogram. (c) Absorption and photoluminescence spectra. 
 
The absorption and photoluminescence (PL) spectra of one-step MAPbBr3 films are shown in 
Figure 6.2c. Films processed by one-step and two-step procedures exhibit local absorption maxima 
524 and 526 nm, respectively, with fluorescence maxima at 543 and 537 nm, respectively. The 
Stoke’s shift and FWHM of the two-step film (11 nm and 20 nm, respectively) are noticeably smaller 
than the one-step film (19 nm and 29 nm, respectively). The Stoke’s shift and FWHM for one-step 
films are typical for previously reported MAPbBr3 films,139 however, the two-step film shows a small 
shift and narrower emission linewidth than usual. The linewidth of emission from MAPbBr3 films has 
been correlated to Frölich coupling between charge carriers and longitudinal optical phonons.140 It is 
unlikely that the differences in crystal growth during one-step and two-step processing methods would 
affect the Frölich coupling constant, therefore, we speculate that differences in the film thickness or 
dielectric properties may have caused small variations in the emission spectra via optical cavity 
effects.141 In any case, both processing methods yielded MAPbBr3 films with satisfactory material 
properties and were used in peroptronic devices. 
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Electronic Band Structure 
Successful perovskite based SCs and LEDs both utilize sandwich architectures in which perovskite 
active layers are nested between charge-selective carrier-transport layers. Of critical importance in the 
design of LESC devices is choosing carrier transport layers which do not impose significant energy 
barriers to either the injection of charge carriers or the extraction of charge carriers. Furthermore, the 
carrier transport layers must possess a high conductivity, to minimize the series resistance in SC 
operation, while at the same time efficiently blocking carriers of the opposite polarity, in order to 
ensure that charge carriers are trapped, and forced to radiatively recombine within the perovskite layer 
under forward bias. Selecting appropriate charge carrier transport layers which fulfill these functions 
was the most critical design criterion to realizing effective peroptronic devices. 
Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) has been demonstrated 
as a hole transporting layer (HTL) which effectively forms Ohmic, p-type contacts in both LED and 
SC devices while blocking electron back-diffusion, thus we employed PEDOT:PSS coated indium tin 
oxide (ITO) substrates as the anodes in our devices. Choosing an appropriate electron transporting 
layer (ETL) was somewhat more challenging. In LED devices, low conductivity ETLS such as 1,3,5-
tris(N-phenylbenzimidazol-2-yl) benzene (TPBI),142 poly(9,9-di-n-octylfluorenyl-2,7-diyl)143 and 
spirobifluorene144 tend to be favored. These materials possess high-lying lowest unoccupied molecular 
orbital (LUMO) energy bands, which trap electrons within the active layer, forcing carrier 
recombination and consequently luminescence from within the active layer. In the context of SCs 
however, such high-lying LUMO energy bands are undesirable as they create an energetic barrier (Φext) 
to the extraction of electrons. In contrast, SCs tend to favor high conductivity ETLs which allow 
electrons to be rapidly extracted from the active layer, however may introduce an energetic barrier to 
electron injection (Φinj) from the ETL into the conduction band (CB) of the active layer, and lead to 
non-radiative recombination in LED devices. Additionally, some popular n-type acceptor materials 
such as fullerenes or perylenetetracarboxylic acid derivatives which work well in SCs are known to 
quench electroluminescence in LED devices.145 In this study, we chose to focus on ETLs including 
ZnO, a wide Eg inorganic semiconductor with high electron mobility, which has been effectively used 
in both LEDs143 and SCs146 as well as polyethyleneimine (PEI), which has been shown to be an 
outstanding n-doping / interfacial dipole material in both LEDs and SCs.80 
One additional ETL that we found to work exceptionally well, as will be described later, was a 
polyelectrolyte based on a partially protonated PEI backbone with tetraimadazolylborate anions (PEI 
BIm4). We designed this ETL with inspiration from conventional perovskite SCs which employ 
ionically doped HTLs147 and considered that an ionically doped ETL might function well with a 
perovskite active layer. We also drew from past experience in organic electronics, in which it has been 
observed repeatedly that conjugated polyelectrolytes and oligoelectrolytes which incorporate the BIm4 
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anion give rise to large interfacial dipoles148 and outstanding LED, SC and FET performance.149, 150 
PEI BIm4 was synthesized by preparing the conjugate acid of the BIm4 anion130 and neutralizing it 
with a basic solution of PEI in IPA. This scheme yields a polyelectrolyte in which approximately one 
out of every 6 ethylenimine repeat units was protonated and charge-compensated by a BIm4 anion. 
Notably, IPA is known as a solvent which is compatible with perovskite films136 and we observed that 
IPA solutions of PEI BIm4 could be spin-cast on top of perovskite films without adversely affecting 
the underlying MAPbBr3 layer. 
 
 
Figure 6. 4. UPS spectra. (a) Close-up of Fermi edge region of different films. (b) Close-up of secondary edge 
region of different films. For these measurements, thin ETL layers were deposited onto one-step MAPbBr3 
layers. 
 
 
Table 6. 1. Energy levels of different films deposited on MAPbBr3 derived from UPS and UV-vis data. 
Structure 
WF 
(eV) 
EVB 
(eV) 
ECB 
(eV) 
Eg 
(eV) 
MAPbBr3 5.31 5.74 3.46 2.28 
ZnO 4.88 7.53 4.18 3.35 
PEI 4.86 7.17 1.13 6.04 
PEI Blm4 4.64 7.31 2.14 5.17 
TPBI 4.66 6.53 3.08 3.45 
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In order to understand the energy band structure of our devices, ultraviolet photoelectron 
spectroscopy (UPS) experiments were carried out (Figure 6.4). The valence band (VB) energies (EVB) 
of inorganic materials or highest occupied molecular orbital (HOMO) band energies (EHOMO) of 
organic materials were derived from the Fermi edge of each material relative to a gold reference. 
Work functions (φ) were derived from the secondary edge (ESE) via the equation φ = hν - ESE, where 
hν is the energy of the UV light source (21.2 eV). Conduction band (CB) energies (ECB) of inorganic 
materials or LUMO band energies (ELUMO) of organic materials were derived from the EVB or EHOMO 
energies, respectively, by subtracting their Egs taken from UV-vis absorption data. These values are 
summarized in Table 6.1 and were used to construct energy band diagrams (Figure 6.5). 
 
 
Figure 6. 5. Energy band diagrams for devices with the architecture ITO/PEDOT:PSS/MAPbBr3/ ETL/Ag. (a) 
Using ZnO as an ETL. (b) Using TPBI as an ETL. (c) Using PEI as an ETL. (d) Using PEI BIm4 as an ETL. 
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Devices using a ZnO ETL have an offset between the ECB of the MAPbBr3 and the ECB of ZnO 
(Figure 6.5a). After electrons are excited to the conduction band of MAPbBr3 by photon absorption, 
this offset makes electron transfer from the ECB of MAPbBr3 to ZnO energetically favorable, however, 
it also imposes an energy barrier (Φinj) of 0.71 eV to electron injection, which is expected to hinder 
LED operation. Devices using a TPBI ETL (Figure 6.5b) have an opposite offset between the ECB of 
the MAPbBr3 and the LUMO of TPBI; this allows facile injection of electrons into the CB of 
MAPbBr3 under forward bias, but imposes an energetic barrier for extraction of electrons (Φext) of 
0.55 eV from the CB of MAPbBr3 in SC operation. 
PEI and PEI BIm4 films deposited on MAPbBr3 (Figure 6.5c, 6.5d) both caused a strong shift in 
the secondary edge of their UPS spectra. In the context of inorganic semiconductors, this would 
normally be interpreted as a change in the workfunction (WF) or Fermi energy (EF) of the material 
that is conventionally described by bending of the VB and CB bands. In the context of organic 
semiconductors, this would be interpreted as a shift in the vacuum energy, or formation of an 
interfacial dipole. We have chosen to interpret this as a change in the EF and band bending, although 
either interpretation would be consistent with the observed experimental results. The WF of pristine 
MAPbBr3 was found to be 5.31 eV, and decreased to 4.86 eV after application of a PEI ETL, and 
decreased further to 4.64 eV after application of a PEI BIm4 ETL, indicating that both ETLs caused n-
doping relative to the pristine film, with corresponding band offsets (Δ) of 0.45 eV with PEI or 0.67 
eV with PEI BIm4 
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Solar Cell and LED Characterization 
Peroptronic devices were prepared with the architecture ITO/PEDOT:PSS/ MAPbBr3/ETL/Ag, and 
characterized as both SCs and LEDs. The current voltage and electroluminescence characteristics for 
devices based on one-step processed active layers are summarized in Table 6.2 while the relevant data 
are plotted in Figure 6.6. Although the two-step processed MAPbBr3 active layers appeared to have 
superior crystallinity, they showed slightly inferior performance, likely due to cracks in the active 
layer.  
 
 
Figure 6. 6. Solar cell and LED characteristics. (a) J-V characteristics under 100 mWcm-2 simulated solar 
irradiation. (b) J-V characteristics under forward bias. (c) Luminance vs applied bias. (d) Luminous efficiency 
vs applied bias. 
 
As expected, these devices yielded reasonably good LED performance with a luminance of over 
4000 cdm-2, current efficiency of 0.34 cdA-1 and luminous efficiency of 0.27 lmW-1. The SC 
performance, however, was rather poor (~0.2%), presumably due the Φext caused by the high-lying 
TPBI LUMO band. 
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ZnO was employed as an ETL which led to good SC performance including a Jsc Voc, FF and 
PCE of 5.96 mAcm-2, 1.31 V, 0.65 and 5.02%, however, almost no electroluminescence was observed 
in this device. This behavior is consistent with the large barrier (Φinj = 0.71 eV) for electrons being 
injected into the conduction band of MAPbBr3. Thus, it is apparent that electrons accumulate at the 
MAPbBr3/ZnO interface and non-radiatively recombine with holes in the VB of MAPbBr3 under 
forward bias in this architecture. 
 
Table 6. 2. Optoelectronic characteristics of peroptronic devices. 
ETL 
 Solar Cell Characteristics  LED Characteristics* 
 JSC 
(mAcm-2) 
VOC 
(V) 
FF PCE 
(%) 
 Lmax 
(cdm-2) 
ηcurrent 
(cdA-1) 
ηluminance 
(lmW-1) 
EQE 
(%) 
  
none  1.69 0.85 0.43 0.61  
0.0009 
@ 4.0 
0 
@ 4.0 
0 
@ 4.0 
0 
@ 4.0 
ZnO  5.96 1.31 0.65 5.02  
6.7 
@ 4.0 
0.0014 
@ 4.2 
0.001 
@ 4.2 
0.0003 
@ 4.0 
PEI  1.84 1.11 0.26 0.53  
6700 
@ 4.0 
0.56 
@ 4.0 
0.44 
@ 4.0 
0.12 
@ 4.0 
PEI Blm4  3.12 1.05 0.31 1.02  
8400 
@ 4.2 
0.57 
@ 4.2 
0.43 
@ 4.2 
0.12 
@ 4.2 
ZnO/PEI BIm4  2.80 1.32 0.65 2.41  
9.0 
@ 3.8 
0.05 
@ 4.2 
0.0038 
@ 4.2 
0.0011 
@ 4.2 
TPBI  0.98 0.87 0.23 0.19  
4200 
@ 4.0 
0.34 
@ 4.0 
0.27 
@ 3.8 
0.075 
@ 4.0 
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The data corresponding to these devices are included in Figure 6.7, Table 6.3. Control devices 
were prepared using TPBI, which has previously been used effectively in perovskite LEDs as ETLs.142 
We anticipated that PEI, which is known as an exceptionally effective ETL in a variety of devices, 
would function well in both LED and SC operation. We found that the performance in LED operation 
was good (brightness of 6700 cdm-2, current efficiency of 0.56 cdA-1 and luminous efficiency of 0.44 
lmW-1) while the SC PCE was modest (0.5 %). 
 
 
Figure 6. 7. Solar cell and LED characteristics of MAPbBr3 devices prepared using the 2-step method. (a) J-V 
characteristics under 100 mW/cm-2 simulated solar irradiation. (b) J-V characteristics under forward bias. (c) 
Luminance vs applied bias. (d) Luminous efficiency vs applied bias. 
 
We found that the performance in LED operation was good (brightness of 6700 cdm-2, current 
efficiency of 0.56 cdA-1 and luminous efficiency of 0.44 lmW-1) while the SC PCE was modest 
(0.5 %). In particular, a low JSC was produced by SCs incorporating only a PEI layer; considering the 
low current in these devices relative to other ETLs, it appears that the PEI layer causes an excessive 
increase in series resistance. 
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Although the SC performance of peroptronic devices employing PEI BIm4 as an ETL was 
somewhat less than ZnO, the LED performance was better than any other ETL explored in this study 
and led to a good balance between LED and SC performance. These devices exhibited SC 
performance including a Jsc, Voc, FF and PCE of 3.1 mAcm-2, 1.05 V, 0.31 and 1.02 %, with LED 
characteristics including a brightness of 8400 cdm-2, current efficiency of 0.57 cdA-1 and luminous 
efficiency of 0.43 lmW-1. The high performance observed in these devices can be attributed to a larger 
band-bending effect and higher conductivity for the ironically doped ETL compared to pristine PEI. 
For comparison, devices incorporating both ZnO and PEI BIm4 layers were investigated. These 
devices showed intermediate SC performance between ZnO and PEI BIm4 devices, with poor LED 
performance, indicating that the ZnO in the binary ETL still promoted non-radiative carrier 
recombination. 
 
Table 6. 3. Optoelectronic characteristics of LESC devices with MAPbBr3 prepared by the two-step method. 
ETL 
Solar Cell Characteristics  LED Characteristics* 
Jsc 
(mA/cm2) 
Voc 
(V) 
FF 
PCE 
(%) 
 
Lmax 
[cd m-
2] 
Lmax 
[cd A-] 
Lmax 
[lm W-] 
EQE 
[%]  
ZnO 3.93 1.39 0.72 3.92  
0.039 
@ 3.8 
0.00002 
@ 3.8 
0.000016 
@ 3.8 
0 
PEI 0.18 0.85 0.17 0.025  
91.55 
@ 3.8 
0.071 
@ 2.8 
0.08 
@ 2.8 
0.016 
@ 2.8 
PEI Blm4 1.29 1.04 0.52 0.70  
1685.30 
@ 3.8 
0.25 
@ 3.8 
0.21 
@ 3.6 
0.056 
@ 3.8 
TPBI 0.56 0.59 0.29 0.096  
525.65 
@ 4.6 
0.077 
@ 4.6 
0.052 
@ 4.6 
0.017 
@ 4.6 
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6.4 Conclusion 
We have demonstrated, for the first time, peroptronic devices based on solution processed 
MAPbBr3 active layer which exhibit photovoltaic PCEs of over 1% and luminous efficiencies of over 
0.4 lmW-1. It is apparent that PEI and its derivative PEI BIm4 are able to overcome the problem of 
simultaneously achieving efficient electron injection and extraction from perovskite active layers. We 
have interpreted the mechanism of these ETLs as causing an increase in the EF of the MAPbBr3 layer, 
or n-doping. Considering that no electron accepting material is present, this result implies that these 
ETLs result in the formation of a MAPbBr3 homojunction, which is consistent with the observation of 
LESC behavior in some high-quality inorganic semiconductor homojunctions such as GaAs.151 It is 
worth noting that a hole injection barrier exists between the PEDOT:PSS and MAPbBr3 layers; we 
anticipate that improved performance can be achieved if the hole injection / extraction issue in this 
architecture is investigated in greater detail as well.152, 153 This type of device opens the possibility for 
an interesting new range of applications for perovskite semiconductors, such as low-cost optical 
communications elements or self-powered displays 
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CHAPTER 7.  Summary 
In this thesis, I focused on various interfacial engineering which are organic surface modifiers 
(OSMs) effect using both 4-chlorobenzoic acid (CBA) and ethanolamine (ETA) as a self-assembled 
mono layer with small molecule materials in both conventional and inverted organic solar cells, and 
hole transport layer (HTL) using conjugated polyelectrolytes (CPEs) materials with perovskite based 
solar cells. And light-emitting solar cells (LESCs) of novel device architecture with a polyelectrolyte 
based on a partially protonated PEI backbone with tetraimadazolylborate anions (PEI BIm4) resulting 
in minimize energetic barrier to provide two functions to single device, well-shift energy level to 
make selective good pathway for holes and electrons, and overcoming problem of LESCs, 
respectively, for the enhanced performance optoelectronic devices. 
 
Firstly, I successfully replacement PEDOT:PSS as a hole transport layer (HTL) using organic 
modifier. The organic modifier incorporated chlorobenzoic acid (CBA) exhibited a high work 
function of ITO electrode, high transparency, and a hydrophobic surface by a simple spin-coating 
method produces.  As an alternative to PEDOT:PSS, CBA modification achieves efficiency 
enhancement up to 8.5%, which is attributed to enhanced light absorption within the active layer and 
smooth hole transport from the active layer to the anode. 
 
Secondly, I successfully replacement metal oxide as an electron transport layer (ETL) using small-
molecule organic modifier. That investigate a simple fabrication method for vapor coating small-
molecule organic interlayers as replacements for metal oxide films. The interfacial layers, which serve 
both as both surface modifiers to reduce the work function of substrate and electron selective layers, 
maximize light absorption within the active layer while improving electron transport and 
compatibility between the active layer and cathode, enhancement in power conversion efficiency and 
similar air stability compared to devices using a ZnO layer. 
 
Thirdly, I successfully employed pH-neutral and low-temperature solution-processable conjugated 
polyelectrolytes (CPEs), particularly CPE-K as the HTL in inverted-type perovskite based solar cells. 
Excellent wetting of perovskite precursor solution on the CPE-K layer leads to uniform active layer 
film with complete surface coverage and superior hole selectivity for facilitating hole transport from 
perovskite to the ITO anode. As a result, the device with CPE-K shows higher device efficiency, more 
than 12% higher than the efficiency of the device fabricated with commonly used PEDOT:PSS. 
Furthermore, CPE-K improves the device stability in ambient air because of the neutral pH of the 
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under layer. As an alternative to PEDOT:PSS and p-type metal oxides, CPE-K is a promising hole 
transport material for efficient p-i-n planar heterojunction perovskite solar cells that can be used on 
flexible substrates via roll-to-roll processing due to solution process method produces. This procedure 
also offers a new approach to design hybrid tandem solar cells employing CPE-K as the intermediate 
layer, and combining organometallic perovskites and small bandgap organic semiconductors as the 
active layer. 
 
Finally, I demonstrated, for the first time, a novel architecture that performs two functions in a 
single device using a polyelectrolytes ETLs by combination synthesis PEI and tetraimadazolylborate 
anions (PEI BIm4) and are able to overcome the problem of simultaneously achieving efficient 
electron injection and extraction from perovskite active layers. As a result, the devices based on 
solution-processable perovskite active layer (MAPbBr3) which shows solar cells efficiencies of over 1% 
and luminous efficiencies of over 0.4 lm/W. The interpretation of mechanism is demonstrated by 
shifted Fermi level (EF) of the perovskite active layer, these ETLs as causing an increase in n-doping. 
If considering that no n-type acceptor material is existent, this result suggests that these ETLs result in 
the creation of perovskite homojunction, which is consistent with the observation of LESC behavior 
in some high-quality inorganic homojunctions semiconductor such as GaAS. The novel approach for 
band structure engineering via interfacial layer enables two functions of a single device and provides 
more chances for researchers to improve the performance of optoelectronic devices. Furthermore, we 
expect that improved performance can be achieved if the charge carrier injection or extraction issue in 
this architecture is investigated in greater detail as well. This type of device chances the possibility for 
interesting new applications for perovskite semiconductors, such as self-powered displays.  
 
I have demonstrated interfacial engineering of small molecule and polyelectrolyte materials for 
optoelectronic device applications. The research was designed focusing on simple fabrication, low 
cost, and low temperature solution processing in optoelectronic devices while maintaining high 
performance efficiency. In the case of LESCs, I have attempt to apply to suit both solar cells and light-
emitted diodes as efficient ETLs (or EILs) by considering its advantage that two functions are 
required to efficiently operation a single device. These studies have diverse advantages and it will 
offer a great potential for optoelectronic device application with simple method, flexibility films and 
significantly reduced cost. 
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이 길을 걷고 있는 것이 옳은 길일까? 고민하고 있을 때 “힘들어도 완주하는 것이 제일 
중요하다 버텨라.” 라는 말씀을 듣고 포기하지 않고 완주할 수 있었습니다.  
7년이라는 시간동안 참 많은 사람들이 저에게 도움을 주었습니다. 무엇보다도 우리 
NGEL 멤버들에게 감사의 인사를 전합니다. 이제 교수님이 되어버린 저의 선배이자 동료
이자 친구인 효성이, 힘들 때 위로와 함께 항상 조언을 해주는 한국화학연구원의 박사님
이 된 서진이형, 아무것도 모를 때 같이 일해 준 NGEL의 터줏대감 기환이 형, 그리고 
짧았지만 정말 따뜻하게 대해 주었던 강원대 교수님 성범이형, 무슨 일이던 거절 하는  
법 없이 도와 주셨던 Bright Walker 교수님, 호주에서 맘고생하고 있는 반천패밀리 태효, 
미국에서 잘 살고 있는 명희, 다시 돌아와서 연구를 시작한 혜림이, NGEL의 선배님들 모
두 감사합니다. 그리고 동기로 들어와서 같이 고생한 세영이, 아무것도 모르는 상태에서 
페로브스카이트 연구한다고 고군분투한 나의 또 다른 공동연구자 재기, 고작 6개월 늦게 
들어왔지만 어린 나이로 인해 계속해서 선배대접 해준 똑똑한 정우, 같이 졸업하는 
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NGEL의 졸업동기들에게도 감사합니다. 곧 이어 졸업할 예정인 언제나 착한 송이와 독일
에서 연구하고 있는 택호, 랩장임에도 불구하고 위로 선배들이 너무 많아서 계속 막내처
럼 행동할 수밖에 없었던 영진이, 대학원 학생회장까지 역임한 강택이, 새로운 하드워커
가 된 나경이, 곧 NGEL의 실세가 될 재원이, 호주에서 고생하고 있는 NGEL의 살림꾼 
형수, 너무 많은 선배들 때문에 매일 실험실 뒷정리하는 윤섭이와 혜원이, 그리고 막내라
인 지우와 종득이 모두들 감사합니다. 계속 해서 NGEL을 이끌어 주길 바랍니다. 그 외 
UNIST에서 많은 도움 주신 모든 분들에게 감사합니다. 또 힘들 때마다 웃게 해주는 후
려 친구들과 구리 친구들 모두 감사합니다. 
마지막으로 하늘에 계신 어머니와 항상 저를 믿고 응원해주는 나의 가족들 아버지, 누
나, 매형과 장인어른, 장모님, 처형, 처남 모두 감사합니다. 긴 학위 기간동안 묵묵히 기
다려주고 그 누구보다도 저에게 가장 큰 힘이 되어준 제가 이 자리에 올 수 있게 해준 
저의 사랑하는 아내 경령이에게 너무 고맙고 또 감사하다고 전하고 싶습니다. 
저에게 도움을 주시고 응원해 주시는 모든 분들에게 감사의 말을 전하며 이 감사함에 
조금이나마 보답할 수 있도록 더욱 노력하겠습니다. 
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